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1 Executive Summary
This report aims at describing the various models developed in Task 3.1 and applied in Tasks 3.2, 3.3
and 3.4 for the simulation of the electrode process chain. It will first give a short overview over the
software that is used to apply the respective models and then proceed on presenting the already
included models for the numerical analysis of the structure defining electrode processing steps.
Afterwards, models that have been or will be implemented into the particular simulation code are
explained in more detail, including a brief explanation about parametrization of the models. First
validation results for the correct implementation of some models are given.

2 Acronyms and abbreviations
CBM

Carbon black-binder matrix

CFD

Computational Fluid Dynamics

DEM

Discrete Element Method

DLVO

Derjaguin, Landau, Verwey, Overbeek

LAMMPS

Large-scale Atomic/Molecular Massively Parallel Simulator

LIGGGHTS

LAMMPS improved for general granular and granular heat transfer simulations

MC

Multi contact

OpenFOAM

Open Source Field Operation and Manipulation

VOF

Volume of fluid method
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3 Introduction
The structure formation process during the electrode processing is crucial for the later performance
of the battery cell. Characteristics of the battery electrodes such as porosity, tortuosity, pore size
distribution, particle size distribution and binder distribution strongly influence the electrochemical
performance of the battery. The goal of WP3 “Modelling and simulation of electrode processing” is
to simulate the structure formation process as function of the formulation of the electrode slurry and
the process parameters during mixing, drying and calendering. Therefore, models have to be
developed and implemented into the simulation software to describe the underlying processes that
lead to the final electrode structure.

4 Software
This section presents the simulation software used in WP3 of the DEFACTO project. The software
needed for performing Computational Fluid Dynamics (CFD) is described as well as the discrete
element method code (DEM) for performing particle simulations. Finally, an approach for coupling
both methods for simulating particle-fluid interactions is introduced.

4.1 OpenFOAM
OpenFOAM (Open Source Field Operation and Manipulation) is a C++ based open source CFD
software mainly using the finite volume method for solving the Navier Stokes equations in an
iterative manner. It includes tools for generating meshes to spatially discretize the simulation domain
as well as post processing tools. The software used in this WP is based on OpenFOAM 4.X, released
by the OpenFOAM foundation in 2017.

4.2 LIGGGHTS
LIGGGHTS (LAMMPS improved for general granular and granular heat transfer simulations) was
developed at Johannes Kepler University Linz and further distributed by DCS Computing as an
extension of the molecular dynamics software LAMMPS (Large-scale Atomic/Molecular Massively
Parallel Simulator). It adds capabilities to model the behaviour of granular systems by solving
Newton’s second law of motion based on particle contact models. The release used in this project is
an academic version based on LIGGGHTS 3.0.0 from 2014.

4.3 CFDEMcoupling
The CFDEMcoupling software serves as a link between OpenFOAM and LIGGGHTS in the framework
of OpenFOAM. It was developed at the Johannes Kepler University Linz and enables the calculation of
interaction forces between the fluid, calculated by CFD, and the particles, modelled by DEM. It can be
used for unresolved CFD-DEM coupling as well as for resolved CFD-DEM coupling based on the
immersed boundary method. In this project, CFDEMcoupling based on version number 19.02 is being
used.
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5 Contact Models already implemented in the
Simulation Software
The following section describes the models needed for the purpose of WP3 that are already
implemented in the simulation software and, therefore, are not part of model development in this
work package. They are presented for the sake of completeness to highlight the need for the
implementation of additional models into the Software.

5.1 DEM contact models
5.1.1 Hertz-Mindlin model
Contact models calculate the forces 𝑭 between particles when they come into contact or are close to
each other. The most common contact model in DEM is the so called Hertz model. The Hertz model
has an elastic nature, but elasto-plastic behaviour can be achieved by adding a velocity-dependent
damping term (See Equation 1). kn and kt descripe the stiffness in normal and tangential direction, vn
and vt represent the relative velocity in normal and tangential direction, γn and γt express the
velocity depending damping in each direction and δt and δn are the normal and tangential overlap.
𝑭 = (𝑘𝑛 𝛿𝑛 − 𝛾𝑛 𝒗𝒏 ) + (𝑘𝑡 𝛿𝑡 − 𝛾𝑡 𝒗𝒕 )

(1)

5.1.2 Thornton-Ning model
While the Hertz model shows sufficient results for the calendering of graphite anodes, for NMC
cathodes the Hertz model overestimates the resistance of the electrode against deformation. For
cathodes, good agreements between simulations and experiments were achieved using the so-called
Thornton-Ning model. This model firstly calculates the elastic contact deformation according to Hertz
and considers an elasto-plastic deformation when a certain yield point is reached. In the elastoplastic zone, the force displacement relationship 𝑭𝒆𝒍−𝒑𝒍 is expressed as:
𝑭𝒆𝒍−𝒑𝒍 = 𝑭𝒚 + 𝜋 𝑝𝑦 𝑅 ′ (𝛿 − 𝛿𝑦 )

(2)

The critical yield pressure py can be related to the critical yield Force Fy . R’ represents the effective
radius and δy is the critical yield normal contact displacement. Further details can be taken from
[1,2]. The unloading is performed according to Hertz theory.

5.2 CFD-DEM interaction models
5.2.1 Drag force models
In CFDEMcoupling a variety of different models exists to calculate the effect of fluid drag on
particles and vice versa. A description of the models with varying complexity can be found on
documentation website of CFDEMcoupling [3]. For unresolved CFD-DEM coupling, where
particles are much smaller than the CFD cells, the force is calculated based on the particle size,
relative velocity between fluid and particle and the volume fraction of particles in one CFD cell.

the
the
the
the
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5.2.2 Pressure gradient force
The pressure gradient force represents the influence of pressure variation in the surrounding of the
particles by calculating
𝑭𝛁𝒑 = −∇𝑝 𝑉𝑃𝑎𝑟𝑡𝑖𝑐𝑙𝑒

(3)

With pressure 𝑝 and the volume of the particle 𝑉.

5.2.3 Viscous force
The viscous force calculates the force acting on particles due to shearing of a viscous fluid and is
calculated by
𝑭𝛁⋅𝝉 = −(∇ ⋅ 𝝉) 𝑉𝑃𝑎𝑟𝑡𝑖𝑐𝑙𝑒

(4)

Using the shear stress 𝝉.

5.2.4 Immersed boundary method
For resolved CFD-DEM coupling, meaning that the CFD cells are much smaller than the particles, the
fluid flow around each particle is calculated precisely. Therefore, the forces acting on the particles
can be calculated directly via the immersed boundary method, where the particles occupy the fluid
domain by applying a solid void fraction ε. The respective particle velocity is set each time step for
the particle-occupied CFD cells. The force acting on each particle can be calculated by
𝑭𝑫𝒓𝒂𝒈 = ∑𝑐,𝑖(−∇𝑝 + 𝜈 𝜌 ∇2 𝑢)(𝑐) ⋅ 𝑉(𝑐)

(5)

For the cells of the solid domain 𝑐 of particle 𝑖 using the fluid kinematic viscosity 𝜈, the fluid density 𝜌
and the flow velocity 𝑢.
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6 Models for WP3 implemented in T3.1
6.1 Models for the simulation of the drying process
6.1.1 Extension of the volume of fluid method for evaporation of fluid
For the representation of a fluid-fluid interface acting on particles due to drying, the volume of fluid
method (VOF) is used on CFD side. It enables the solution of two fluid phases with different
properties by introducing a volume fraction (𝛼) for each phase. The properties of each CFD cell can
be calculated by averaging the properties of each phase with the volume fraction. The motion of the
fluid phases can be described by the following transport equation:
𝛿𝛼
𝛿𝑡

+𝛻∙𝒖𝛼 = 0

(6)

As the drying process continues, the fluid-fluid interface recedes and leads to a transport of particles
in direction of the current collector. The receding interface can be expressed by introducing a
negative source term α̇ on the right hand side of the fluid phase transport equation. It represents the
change of the phase fractions in one fluid phase over time when no fluid transport occurs, leading to
the following transport equation at the fluid-fluid interface cells (0 < 𝛼 < 1):
𝛿𝛼
𝛿𝑡

+ 𝛻 ∙ 𝒖 𝛼 = −𝛼̇ 𝑒𝑣

(7)

By setting the source term to a fixed value, a constant drying rate can be achieved like it is present in
the first period of battery electrode drying. This behaviour is validated in Figure 1 in pure fluid CFD
simulation by imposing a drying rate of 0.5 µm³ µm-2 µs-1 resulting in a linear decrease of the fluid
film thickness until a final residual value is reached due to the boundary condition at the bottom of
the film.

Film Thickness [µm]

100

80

60

40

20

0
0

50

100

150

200

Time [µs]
-2

-1

Figure 1: Fluid film thickness over time for an imposed drying rate 0.5 µm³ µm µs in a CFD simulation
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6.1.2 Capillary force for unresolved CFD-DEM coupling
In order to realize the displacement of the particles by the receding fluid-fluid interface during
drying, the action of surface tension acting on the particles needs to be taken into account. For the
unresolved CFD-DEM coupling this can be achieved by interpolating the position of the fluid-fluid
interface (𝛼 = 0.5) to the position of the particle center. Together with the contact angle 𝜃 and the
surface tension σ as input parameters, the resulting capillary force 𝑭𝒄 in vertical direction over the
contact line can be calculated according to Breinlinger et al. [4] as:
𝑭𝒄 = 𝑑𝑃 𝜋 𝜎 sin(𝜔) sin(𝜔 + 𝜃)

𝛻𝛼𝑃
|𝛻𝛼𝑃 |

(8)

with ω being the immersion angle and dP the diameter of the particle. The implementation of the
model has been proven to correspond to the analytical solution by placing one particle with its
center on the fluid-fluid surface and letting it move to an equilibrium position, with the energy
dissipating by the drag force and a high viscosity of 25 mPa·s. The results for the analytical and
simulated particle positions at various contact angles are shown in Figure 2.
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Figure 2: Simulated particle position for various contact angles (solid lines) and their corresponding analytical equilibrium
positions over time (segmented lines)

6.1.3 Capillary force for resolved CFD-DEM coupling
When performing resolved CFD-DEM simulations, apart from the fluid drag also the movement of the
particles due to capillary forces can be calculated in a much more precise manner with the finer
mesh. For this, a contact angle has to be imposed at the three-phase contact line for cells in which a
solid-fluid interface as well as a fluid-fluid interface exists. This can be achieved by tuning the surface
normal of the fluid-fluid interface nl accordingly to the contact angle 𝜃 following
𝑛𝑙 = 𝑛𝑠 cos 𝜃 + 𝑡𝑠 sin 𝜃

(9)

with the solid interface normal ns and the tangent vector at the solid surface 𝑡𝑠 [5]. The force acting
on the particle can then be divided in two parts: One is the pressure difference according to the
Young-Laplace-Equation resulting from the bending of the fluid-fluid interface due to the contact
angle. This is already included in the drag force calculation described in Section 5.2.4.
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The other part is the surface tension acting at the contact line. By solving a volume integral over the
particle domain using the following formula, with 𝑡𝑐 being the contact line tangent vector and 𝜙
being the solid volume fraction, the force acting on the particle over the contact line can be
calculated [5]:
𝑭𝑪 = ∫𝑽 𝝈 𝒕𝒄 (𝒙) (𝜵𝜶 ⋅ 𝒕𝒔 (𝒙)) (𝜵𝝓 ⋅ 𝒏𝒔 (𝒙)) 𝒅𝑽
𝑷

(10)

Using a set up similar to that in Section 6.1.2 but in a resolved manner, the implementation of the
contact angle and the capillary force has been investigated. The results, shown in Figure 3, display
the formation of a contact angle at the three phase contact line without any forces acting on the
particle on the left side. Remarkable is the visible downward bending of the fluid-fluid interface.
Calculating interaction forces leads to the movement of the particle in downward direction with the
fluid interface following the particle motion. This behaviour has to be further investigated to achieve
a non-moving fluid-fluid interface.

Figure 3: Results of the implementation of a resolved contact angle and the resulting capillary force. A contact angle is
enforced at the fluid-fluid-particle boundary by the CFD simulation (left). The acting surface tension pulls the particle
downwards, when activating the force calculation (right)

6.1.4 Brownian motion
Small particles suspended in fluids experience a random movement caused by the undirected,
temperature driven motion of the surrounding fluid molecules. This leads to diffusion phenomena
that have been proven to induce demixing of particles of different sizes during drying processes [6].
The model recently included in our DEM code is based on an approach by Breinliger et al. [7] and
calculates new particle positions in random directions by calculating a force FB with its magnitude
and direction derived from the mean squared distance x̅2 that each particle with radius RP travels
during one timestep t:
x̅ 2
k T
= 2 π Bη R
t
P

(11)

The movement is dependent on the temperature T and the dynamic viscosity η that have to be set as
input parameters for the model.
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6.1.5 Lubrication force
When two particles in suspension approach each other, the fluid in between the two bodies gets
displaced in tangential direction. This leads to a pressure gradient in the gap between the particles
and to a velocity profile with viscous stresses that induce a hydrodynamic force. This force is called
lubrication force and is calculated implicitly in resolved CFD-DEM simulations. For unresolved CFDDEM coupling, however, a model needs to be included that accounts for this microscopic, potentially
structure influencing force. This force has been implemented in the CFD-DEM environment for
calculating the forces and torques in normal direction (n) respectively for torsion (t) as well as for
sliding particles (s) [8]:
1
4

𝑭𝒏𝒍 = −6 𝜋 𝜂 𝑅𝑃 𝒗𝒓 ⋅ 𝒏 ( 𝜖 −1 −

9
log(𝜖)
40

1

−

3
112

𝜖 log(𝜖))

1

1

(12)

𝑭𝒔𝒍 = −6 𝜋 𝜂 𝑅𝑃 [𝒗𝒔 (− 6 log(𝜖)) + 𝒗𝒄𝒔 (− 6 log(𝜖) − 12 𝜖 log(𝜖))]

(13)

1
1
𝑴𝒔𝒍 = −8 𝜋 𝜂 𝑅𝑝2 [(𝑛 × 𝑣𝑠 ) (− log(𝜖) −
𝜖 log(𝜖))
6
12
1
47
+(𝑛 × 𝑣𝑐𝑠 ) (− 5 log(𝜖) − 250 𝜖 log(𝜖))]

(14)

1

𝑴𝒕𝒍 = −8 𝜋 𝜂 𝑅𝑝2 [(𝛺𝑖 − 𝛺𝑗 ) ∙ 𝑛] 𝑛 (8 𝜖 log(𝜖))

(15)

It depends on the relative velocity 𝑣𝑟 , the sliding velocity 𝑣𝑠 or the angular velocity 𝛺 of the
approaching particles as well as their relative distance 𝜖 = d/RP and the fluid viscosity 𝜂.

6.1.6 DLVO forces
In order to take into account repulsion and attraction of particles due to electrostatic and van der
Waals forces, a force model combining those two effects according to the DLVO theory has been
implemented into LIGGGHTS recently. Given the Hamaker constant A, the retarding function f(h), the
distance of the particle surfaces ℎ, the inverse Debeye length κ, and the interaction constant Z, the
resulting long range particle-particle interaction force can be calculated as:
𝑟

1

𝑭𝒅𝒍𝒗𝒐 = 𝑭𝒗𝒅𝒘 + 𝑭𝒆𝒅 = 2 (−𝐴 𝑓(ℎ) 6 ℎ2 + 𝜅 𝑍 𝑒 −𝜅ℎ )

(16)

With
𝑘𝐵 𝑇 2
𝜖
) tanh2(4 𝑘 0 𝑇
𝑒0
𝐵

𝑍 = 64 𝜋 𝜖0 𝜖 (

𝜈 ζ)

(17)

using the permittivity of vacuum ϵ0, the permittivity ϵ, the Boltzmann constant kB, the Temperature
T, the elementary charge eo, the valence of the ions ν and the zeta potential ζ.
For parametrizing this model, the input parameters to evaluate are zeta potential, valence, ionic
strength, temperature, permittivity and the Hamaker constant.
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6.2 Models for the simulation of the calendering
process
6.2.1 Multi contact model
In classical discrete element method, the so-called soft particle approach, particle deformations are
mimicked by overlaps between contacting particles. When an overlap is detected, the contact forces
between two particles are calculated by a contact law. The general assumption made is that contacts
between particles are independent and therefore, contact forces are resolved locally. This
assumption is only true in cases when particles deformation is small. When large deformations are
occurring, the assumption of contact dependency seized to be valid. One way to tackle this issue is by
taking into account the mutual influence of contacts acting simultaneously on a single particle. This
need has led to the formulation of a new field, referred as the multi-contact discrete element
method (MC-DEM).
More precisely, with the novel multi-contact stress model (MC-stress), the deformation in contrast to
classical DEM is now calculated by including the momentary stress state experienced by the particle
[8]:
𝑭𝑴𝑪 = 𝑘 𝛿 𝑎 + 𝛽 𝜈 𝐴 (𝜎𝑥𝑥 + 𝜎𝑦𝑦 + 𝜎𝑧𝑧 )

(18)

Here, δ represents the overlap, k is the stiffness factor, a is 1 or 2/3 dependent on which model is
used, ν is the Poissons’s ratio, β an empirical prefactor and A represents the contact area.

6.2.2 Bond model
The carbon black-binder matrix (CBM) is modelled by solid bonds between particles. In order to
mimic the elastic-plastic behaviour of the CBM, bonds are considered as spring-dashpot elements
which are created between particles if the distance between them is sufficiently low in relation to
their radius. This minimum distance is also used to control the amount of bonds in order to adjust
the correct formulation of the virtual electrode. Bonds are able to transfer forces and torques in
normal and tangential direction. The bonds have a certain stiffness and ultimate strength, which can
be seen more as a calibration parameter than a material constant, since there are multiple
assumptions that have been made for the bonds, i.e. their uniform shape and a homogeneous bond
composition.
The incremental bond force dFb , which is added every time step, can be calculated according to
equation 19. A represents the cross sectional area of the bond, S corresponds to the stiffness of the
bond in respective direction (normal or tangential), and the product of 𝑑𝑡 ∗ 𝑣 is the incremental
displacement of the bond. The viscous damping is considered by Equation 20. Fb ' is the accumulated
force before the latest time step and 𝛼 can be understood as a damping coefficient.
𝑑𝑭𝒃 = −𝑣 𝑆 𝐴 𝑑𝑡

(19)

𝑭𝒃 = 𝛼 𝐹𝑏 ′ + 𝑑𝐹𝑏

(20)

Gradients in binder concentration within the electrode can be considered by shrinking the radius of
bonds in areas of low binder concentration [10].
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6.2.3 Heat transfer through binder bonds
Within the simulation heat transport within the particles and over the particles contacts are
differentiated. Furthermore, the heat conduction in the CBM must be taken into account. Therefore,
in order to display the use of heated calendaring rolls correctly, a model to transfer heat via bonds
has been implemented. Before that, heat could only have been transferred at a direct particle
contact. In order to transfer heat via bonds, a specific bond density, specific bond heat capacity and a
specific bond-particle thermal contact resistance has to be set. A uniform temperature within the
bond is assumed and in each time step, heat is transferred between the bond particles and the bond.
Three different scenarios have to be distinguished: A) Heat transport via direct particle contact, B)
Heat transport via a bond connection and C) A hybrid case (See ¡Error! No se encuentra el origen de

B

A

C

Figure 4: Three different possibilities for heat transfer between particles. A: Direct particle contact. B:
Particles connected via bond. C: Particle contact and bond connection.

la referencia.).
The heat transfer between the particles i and j via direct particle contact (¡Error! No se encuentra el
origen de la referencia., A) is already implemented in LIGGGHTS:
𝑄̇𝑖𝑗 = ℎ𝑐;𝑖𝑗 𝑑𝑇
ℎ𝑐:𝑖𝑗 =

4 𝑘𝑖 𝑘𝑗
𝑘𝑖 +𝑘𝑗

(21)
1/2

𝐴𝑖,𝑗

(22)

The heat transfer rate Qi,j equals the product of the heat transfer coefficient hc;ij and the
temperature difference between the particles i and j. The heat transfer coeffient hc;ij is based on the
contact area AC of both particles in touch and their respective heat conductivity k [11, 12].
If the heat is transferred via bonds (¡Error! No se encuentra el origen de la referencia., B), a two-step
calculation is used. In the first step, heat is transferred from the warmer particle i to the bond and in
the second step heat is transferred from the bond to the colder particle j. The heat transfer is based
on the contact area A between the bond and the particles, the temperature of the particles, the
14
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bond and the heat transfer coefficient hb . Since hb is nearly impossible to measure and takes
different assumptions, like a uniform bond shape and a homogeneous bond composition into
account, it should be seen more as a calibration factor than a physical parameter.
𝑄̇𝑖𝐵 = ℎ𝑖𝐵 𝐴 (𝑇𝑖 − 𝑇𝐵 )

(23)

𝑄̇𝐵𝐽 = ℎ𝐵𝑗 𝐴 (𝑇𝐵 − 𝑇𝐽 )

(24)

If two particles are in direct contact and also are bonded (See ¡Error! No se encuentra el origen de la
referencia., C), the contact area of the direct physical contact is deducted from the contact area of
the particles and the bond and both calculations are used.
Since contact resistances are very difficult to measure and because of the already discussed model
assumptions, the thermal contact resistance should be treated as a calibration factor. However,
depending on the temperature the bond stiffness has to be adjusted during the calendering process.
In order to develop a function to calculate the bond stiffness for different temperatures, the bond
stiffness will be calibrated with preheated electrodes at different temperatures.

7 Conclusions
This report provides an overview over different models that have been implemented in the CFD,
DEM and CFD-DEM simulation codes to enable the simulation of the different process steps in
electrode production. It shows the most important equations of the models and describes the
parameters needed to calculate particle-particle interactions and interconnected interaction forces
between particles and fluids. Before applying the models to real life problems, sensitivity studies
have to be performed in specified simulation environments to evaluate contact and material models
feasibility and impact on the simulation results. Also, calibration of input parameters has to be
performed to get meaningful results when applying the models. Nevertheless, the implementation of
the presented models builds the foundation of the upcoming work in WP3.
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