
A Resolved CFD-DEM Coupling Method for Simulation of Two-Phase Fluids
Interacting with Arbitrary Shaped Bodies.

by Anastasiia Sarmakeeva

B.S. in Applied Mathematics and Computer Science, July 2014, Udmurt State University

A Dissertation submitted to

The Faculty of
The School of Engineering and Applied Science

of The George Washington University
in partial fulfillment of the requirements
for the degree of Doctor of Philosophy

May 19, 2024

Dissertation directed by

Lorena A. Barba
Professor of Mechanical and Aerospace Engineering



The School of Engineering and Applied Science of The George Washington University

certifies that Anastasiia Sarmakeeva has passed the Final Examination for the degree of

Doctor of Philosophy as of March 26, 2024. This is the final and approved form of the

dissertation.

A Resolved CFD-DEM Coupling Method for Simulation of Two-Phase Fluids
Interacting with Arbitrary Shaped Bodies.

Anastasiia Sarmakeeva

Dissertation Research Committee:

Lorena A. Barba, Professor of Mechanical and Aerospace Engineering, Dis-
sertation Director

Elias Balaras, Professor of Mechanical and Aerospace Engineering, Commit-
tee Member

Megan Leftwich, Professor of Mechanical and Aerospace Engineering, Com-
mittee Member

Philippe Bardet, Professor of Mechanical and Aerospace Engineering, Com-
mittee Member

Philip Cardiff, Ph.D, School of Mechanical and Materials Engineering, Uni-
versity College Dublin, Committee Member

ii



© Copyright 2024 by Anastasiia Sarmakeeva
All rights reserved

iii



Dedication

I am deeply grateful to each and every person who has supported me along the way.

iv



Acknowledgments

For me, this journey has been longer and more complex than anyone could have ever

imagined. First and foremost, I’d like to express my deepest gratitude to my family — my

mom, dad, and brother. I couldn’t have reached this point without your unwavering support.

I must also extend my heartfelt thanks to my advisor, Professor Lorena A. Barba. Her

introduction to Almadena Chtchelkanova solidified my decision to complete my work in the

U.S. under her guidance. I am immensely grateful for her support throughout my time at

George Washington University.

I also owe a debt of gratitude to Professor Thomas Lichtenegger. His support at the PFM

lab significantly enhanced the computational aspect of my research, and I gained invaluable

insights from our meetings.

Special acknowledgment goes to Zephra Coles, the Department Operations Lead. Her

outstanding management skills have made my paperwork at GWU far more manageable.

I want to extend my thanks to my lab mates: Paulina Rodriguez, Ting-Gyu Wang,

Olivier Mesnard, Natalia Clementi, and Pi-Yueh Chang. Further thanks go to researchers

Leonid Tonkov, Alena Chernova, and Alexander Novikov. Their expertise and support were

invaluable as I embarked on my research journey.

Last but not least, I want to thank my partner, Lawrence Kirk, your emotional and intel-

lectual support has been my rock. My Russian-speaking graduate friends Anna Medvedeva,

Maria Sidulova, and Anna Webber. Your support has made my journey in a foreign country

significantly smoother.

v



Abstract

A Resolved CFD-DEM Coupling Method for Simulation of Two-Phase Fluids
Interacting with Arbitrary Shaped Bodies.

Landslides, causing over 5000 deaths annually, not only represent a tragic loss of

life but also bring devastating economic consequences. With increasing flood frequency

and severity exacerbated by drought and global warming, understanding and predicting

landslides involving granular media, water, and the air is crucial. Our research aims to study

the interaction of particles, rocks, and boulders with water.

For simulations, we use CFD methods combined with the Discrete Element Method

(DEM) to represent solid bodies of arbitrary shapes. To improve the simulation model, we

developed a force model based on the open-source code CFDEMcoupling[1]. We use a

resolved CFD-DEM approach, where the solid body takes more than a computational cell.

This simulation helps to track interactions between fluids and solids, such as the movement

of soil or rocks falling into water.

The fluid and solid components are discretized using the Eulerian and Lagrangian

frameworks. The solid component is coupled using the Immersed Boundary Method, where

a solid body projects into the CFD mesh. For the free surface simulation in the current

work, we use the geometric reconstruction method based on isoAdvector solver [2] and the

DEM for solid body simulation. Validation and verification showed that the solver performs

according to our expectations. We conducted more detailed simulations based on those

initial results, including a bouncing body test, demonstrating the method’s stability and

reliability. Then, we ran the simulation with multispherical body interactions and two-phase

fluids, showing that the method could effectively handle complex interactions between solid

and liquid phases and the dynamics of multiple solid bodies. It can track the motion and

interaction of bodies with non-uniform shapes through the fluid, which involves complex

boundary conditions and potentially non-linear material behavior. Results also show that

the solver is effective for parallel computations by the decreased computation times with
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increased processor counts. We provide the solver’s documentation online, and a container

application ensures reproducibility.

This advanced computational capability, demonstrated by our solver, is crucial for

accurately modeling and understanding real-world phenomena such as landslides, sedi-

ment transport, and various particulate flow problems, thereby contributing significantly to

computational fluid dynamics and disaster risk management.
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Chapter 1: Introduction

1.1 Background

Each year, landslides cause more than 5000 deaths [8]. The frequency and severity of

�ooding continue to escalate due to the effects of drought and global warming, making

landslides an ongoing concern. This work aims to provide a tool for numerical simulations

to understand better and make predictions of the landslide process, which includes multiple

media such as non-uniform granular particles, water, and air. This usually includes the

landslide process in the seashore areas. The �nal goal is to create a simulation tool for the

landslide simulation process that is ef�cient, can run 3D in parallel, and is reproducible.

This work considers algorithms proposed in the existing literature for landslide simu-

lation in the seashore areas. There are a couple of them Nan et al. (2023)[9] and Schen

at al. (2022)[10]. The methods proposed in this works are not available online, so other

researchers can't use developed tools for work, although it is a good application example.

Current research proposes a new variation of the method for simulation of granular media

falling into the water to understand the involved physical mechanisms better and get more

accurate predictions of the resulting impact. The considered method uses computational

�uid dynamics and solid mechanics to simulate the behavior of small particles, rocks, and

boulders of arbitrary shape as they interact with each other and with the water. Improving our

understanding of this process will provide valuable insights that can inform risk management

strategies and help reduce landslides' impact on communities and infrastructure.

The occurrence of landslides in coastal areas is a complex phenomenon. For accurate

simulation, it is expected in the literature to use a �uid-structure interaction (Fluid Structure

Interaction (FSI)) Belytschko (1980)[11] approach, wherein the �uid component is modeled

using computational �uid dynamics (CFD) methods and the granular media component

is modeled using solid mechanics methods. The challenge lies in combining these two
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components in a way that facilitates communication between them. The interdependence

between the �uid and granular media makes the modeling process time-consuming and

complex. This research aims to develop an approach for effectively integrating these two

components to improve the accuracy and ef�ciency of landslide simulations. Speci�cally,

the proposed method will utilize advanced numerical techniques to capture the �uid-granular

media interaction accurately and ensure that both components communicate seamlessly.

The outcome of this research could be applied to hazard assessment and risk management

in areas prone to landslides. Although a couple of works were published in recent years,

the current position not only uses a different approach for computational simulations but

also uses open-source code and libraries with a goal to be reproducible [12]. A schematic

overview of the objectives of the present study is shown in the 1.2.

Figure 1.1: Schematic overview of the study's aims.

Three aims of this work and the methods that will be used to achieve them are provided

below:

Aim 1: Choose an ef�cient method to run simulations.

In order to select the most appropriate and ef�cient method to run simulations, we need

to consider several key aspects:
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1. Coupling method: Identify a suitable method for coupling the solid and �uid sim-

ulations, considering the characteristics of a landslide and granular media dynamic.

This involved comparing different coupling techniques, such as one-way and two-way

coupling, as well as investigating different levels of coupling, such as resolved and

unresolved CFD-DEM approaches.

2. Free surface reconstruction: It is necessary to evaluate various techniques for

accurately capturing the free surface in multiphase �ow simulations. This �eld is still

quite tricky and needs careful consideration. To choose the most suitable method, it

is necessary to compare different methods for free-surface reconstruction in terms

of their accuracy, computational ef�ciency, and ease of implementation in the �nal

solver.

3. Stability and robustness:Assess the stability and robustness of the chosen methods,

especially when considering the in�uence of the coupling between solid and �uid sim-

ulations. Stability and robustness may involve analyzing the convergence properties

and sensitivity to numerical parameters such as time step and grid resolution.

4. Scalability and parallelism: Investigate the scalability and parallel performance of

the chosen methods, ensuring that they can effectively utilize available computational

resources and accommodate large-scale simulations.

5. Implementation complexity: Consider the complexity of implementing the chosen

methods within an existing simulation framework or developing a new one. The

challenges of implementing include assessing the compatibility of the methods with

existing software libraries and tools, as well as the effort required for code development

and maintenance.

By carefully evaluating these factors, including the detailed assessment of various

coupling methods in the context of �uid and granular media dynamics, advanced techniques
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for free surface reconstruction in multiphase �ows, and the critical examination of stability,

robustness, scalability, and implementation complexity, the most ef�cient method for running

simulations should be chosen. This not only helps to achieve high-precision and reliable

simulation results but also ef�ciently optimizes computational resources.

Aim 2: Implement and run simulations using the chosen method.

The implementation phase should involve integrating third-party libraries or adapting

existing ones to meet the speci�c requirements of our chosen simulation method. This

phase is critical in ensuring that our simulations are not only theoretically sound but also

practically feasible. Following the implementation, it is imperative to establish a robust

veri�cation and validation process. This process would involve rigorous testing against

known benchmarks to ensure the simulations accurately represent the physical phenomena

of interest. Including a parallel computing option is crucial for optimizing performance,

particularly given the computationally intensive nature of landslide simulations.

Once the implementation is validated, we will proceed with a detailed analysis of the

simulation results. This includes evaluating the solver's physical accuracy, computational

ef�ciency, and overall stability. A grid convergence study will be integral to this analysis,

providing vital insights into the solver's numerical stability and accuracy. The �nal step

involves applying our simulation framework to real-world scenarios, akin to the experiments

detailed in Mao et al. (2022)[13] and Shen et al. (2022)[10], where a granular mass interacts

with a �uid.

This will test the effectiveness and applicability of our simulations in real-world con-

ditions and contribute valuable insights into the dynamics of granular materials in �uid

environments, thereby bridging the gap between theoretical modeling and practical applica-

tion.

Aim 3: Make code developed solver ef�cient and reproducible.

The �nal aim was to create a repro-pack following a tradition of reproducible research at

Barba's group [14], [15]. The source code, which is used for simulations and post-processing
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scrips, should be easily accessible on GitHub [16] along with container image [17] to

reproduce the main experiments. The container image encapsulates all dependencies,

allowing others to replicate the main experiments. A container image is essentially a

lightweight, standalone, and executable package that includes everything needed to run

a piece of software, including the code, a runtime environment, libraries, environment

variables, and con�guration �les. Containers are isolated from each other and from the

host system, ensuring that they are consistent across different environments and reducing

con�icts between different software running on the same system.

Any initial conditions, boundary conditions, and material properties necessary for the

simulations are documented, as well as detailed instructions on how to run the simulations,

including necessary command line arguments or con�guration settings provided in an image.

Detailed explanations of the theoretically used model are provided in the next chapter, and

the implementation of the code and the interpretation of results are provided in Chapter 3.

The implementation is done by developing force with third-party libraries or modifying

existing ones. After implementation, the model is supported by a veri�cation and validation

procedure. The grid convergence study also supports the stability of the solver. After

that, the solver tested running multi-spherical bodies interacting with �uid, and the last

step was an application to real-world problems to test its effectiveness and usefulness. It

was an experiment where a granular mass fell into the water as in works (2022)[13] and

Shen et al. (2022)[10].

1.2 Literature review

The �eld of landslide research is vast, but only a few academic papers and computational

approaches have been proposed in recent years. The primary criterion for the simulation

aspect of this study was to build a stable solver and to ensure that open-source code was

used to support the requirement for reproducibility. As the landslide process involves a solid

component interacting with �uid, it was necessary to choose the most suitable method for

5



simulating solid and �uid components with a free surface in an optimized and compatible

manner. It is essential to consider the variety of free surface reconstruction methods available,

as they differ in terms of numerical stability and the ability to capture the interface between

�uids as well as being stable to be able to couple with solid part.

Figure 1.2: Schematic description of methods which is necessary to review.

The process of �nding the most suitable approach to solve our problem consisted of

deciding the best method for simulation; it turned out that only coupling solid and �uid

parts was a suitable solution. This led to a question of which method could be used for �uid

simulation, which in turn raised a question about the method for free surface simulation and

its dif�culties due to instabilities caused by surface tension. Last but not least, deciding how

we would simulate solid and arbitrarily shaped bodies was necessary.

1.3 Methods for �uid simulation

Fluid simulation is a crucial area of research in many industries, from engineering to me-

teorology. Fluid simulation methods play a vital role in designing more ef�cient aircraft,

predicting weather patterns, and many other applications. Researchers use various methods
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for �uid simulation, including Smoothed Particle Hydrodynamics (Smooth Particle Hydro-

dynamic (SPH)) Gingold et al. (1977), Monaghan et al. (1994)[18, 19], Finite Element

Method (Finite Element Method (FEM)) Lewis et al. (2004) [20], Volume of Fluid (Volume

of Fluid (VOF)) [21], and Lattice Boltzmann Method (Lattice Boltzmann Method (LBM))

Chen et al (1998)[22]. Schematic description of existing methods shown in Figure 1.3. Each

Figure 1.3: Schematic description of methods for multiphase �ow simulation.

method has its advantages and limitations, and researchers choose the appropriate method

based on the speci�c needs of their research. SPH is a mesh-free, Lagrangian method useful

for simulating free-surface and multiphase �ows. The LBM is also a meshless approach,

and it is a relatively new method that is gaining popularity due to its ability to simulate

complex �uid �ow phenomena. FEM is a widely used method for solving �uid mechanics

problems in complex geometries. The VOF is a method that tracks the interface between

�uids and is useful for simulating free-surface �ows.

1.3.1 Smoothed Particle Hydrodynamics

Smoothed Particle Hydrodynamics (SPH) is a Lagrangian method that models �uid as

a collection of particles that interact with each other based on their relative positions

and velocities rather than mesh cells. The central concept is that �uids are simulated by

discrete particles, and their movement is prescribed by the �ow �eld. SPH has proven

effective in simulating �uid �ows with complex geometries and free surfaces Adami et al.

(2012)[23], such as ocean waves Barreiro et al. (2013)[24] and splashing water Moreira et

al. (2020)[25]. For the current research, we consider incompressible �uid; there are two
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general approaches in the literature with small compressibility - Weakly Compressible SPH

(WCSPH) Ren et al. (2015)[26] and �ow simulated by enforcing the incompressibility -

Incompressible SPH (ISPH) Macia et al. (2012)[27].

To simulate two-way coupling, we considered pressure on a solid body; however,

in SPH, it leads to a couple of problems. Special boundary conditions are needed to

set solid body boundaries, which is a well-known and non-trivial issue. In the work

Kopysov et al. (2015)[28], it was found that WCSPH is more stable and accurate than ISPH

for the pressure calculation on solid boundaries. We used dualSPHysics code [3] the work

Kopysov et al. (2015) [28] to run an evaluation of the method.

Figure 1.4: Simulation with [3] from the [4].

The method requires a large number of particles to accurately capture the free-surface

dynamic, which can result in high computational costs and make it challenging to simulate

larger-scale systems. Another area for improvement of SPH is that it relies on arti�cial

viscosity to handle �uid viscosity, which can lead to inaccurate results, especially when the

�ow is complex Zhang et al. (2018)[29].

The arti�cial viscosity can also cause unwanted damping effects on the �uid motion.

Furthermore, SPH struggles with accurately modeling �uid-solid interactions [3], causing
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inaccuracy in boundary treatment. The placement of boundary particles, for instance,

can affect the accuracy of the results, and it can be challenging to represent complex

geometries correctly. As shown in Figure 1.4, from the work Sarmakeeva et al. (2017)[4],

where provided results of a simulation for three falling blocks and �uid with SPH method

conducted with the open-source code DualSPHysics [3]. The work provided analysis for

multiple solid bodies interaction, where blocks moved with �uid. Results compared with

physical experiments and for the block center mass results are in good agreement. However,

the �uid simulation results indicate that boundary conditions can be a concern since the

�uid does not �ow through gaps between solid bodies. For this reason, we considered other

methods for �uid simulation.

1.3.2 Finite Element Method

The Finite Element Method (FEM) is an Eulerian method that discretizes the �uid domain

into �nite elements Chessa et al. (2003)[30], where a set of equations represents �uid

properties. This method is particularly effective for simulating complex �uid �ows, which is

part of the problem in a seashore area. FEM can handle complex geometries and boundary

conditions and has been widely used in simulating �uid-structure interactions.

The �rst step in FEM is to discretize the domain of the �uid �ow problem. This involves

dividing the �uid region into a mesh of small, interconnected elements, typically triangles

in 2D and tetrahedra or hexahedra in 3D. Each element is assumed to represent the �uid

properties within its boundaries. Fluid dynamics is governed by the Navier-Stokes equations,

which describe the motion of viscous �uid. In FEM, these equations are applied to each

element of the mesh. Within each element, interpolation functions (shape functions) are

used to approximate the �uid properties (such as velocity, pressure, and temperature) across

the element. These functions are de�ned so that they are simple within an element and

match up with the neighboring elements to ensure continuity.

The Navier-Stokes equations are transformed into an integral form using the Galerkin
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method. This involves multiplying the governing equations by a test function (which is often

the same as the shape function) and integrating over each element. This process converts

the differential equations into a set of algebraic equations. The equations for each element

are assembled into a global system of equations that represent the entire �uid domain. This

system is then solved using numerical methods, such as the Newton-Raphson method or

other linear/nonlinear solvers, to �nd the approximate solution to the �uid �ow problem.

The resulting solution provides values of �uid properties at discrete points in the mesh.

Post-processing techniques are used to interpret these results, allowing for visualization and

analysis of the �ow �eld, pressure distribution, and other relevant physical quantities.

The advantage of FEM is that this method is highly versatile and can handle complex

geometries and boundary conditions. The method provides good accuracy and convergence

properties, is well-suited for non-uniform meshes, and can adaptively re�ne the mesh in

regions requiring higher resolution. The incorporation of solid bodies into �nite element

mesh could be bene�cial.

However, FEM requires a high level of mesh re�nement to accurately capture the �uid

behavior near solid boundaries, which can result in signi�cant computational overheads [31]

especially for granular media. FEM also can be computationally intensive, primarily for 3D

problems and �ne meshes, and the quality of the solution is highly dependent on the quality

of the mesh. Due to this reason, we did not consider this method for our work.

1.3.3 Lattice Boltzmann Method

The Lattice Boltzmann Method (LBM) Begum et al. (2008)[32] is a relatively new method

to simulate the interaction between different �uid phases, such as liquid and gas. LBM has

demonstrated excellent performance in simulating �uid �ows with complex geometries and

boundary conditions and is particularly useful in modeling micro�uidic systems Aidun et

al. (2010)[33]. The method is based on the concept of simulating �uid �ow by tracking the

evolution of particle distribution functions on a lattice grid. Each particle carries a fraction
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of the �uid's mass and momentum, and the macroscopic �ow properties are derived from

these microscopic particle interactions.

The simulation domain is discretized into a lattice grid. Each node on the lattice

represents a set of discrete particle velocities. In LBM, these velocities are chosen so that

particles can only move to adjacent lattice nodes during each time step. The method involves

two main steps: collision and streaming. During the collision step, particles at each lattice

node interact, redistributing their velocities according to speci�c rules (collision operators).

In the streaming step, particles move to adjacent nodes based on their new velocities.

To simulate multiphase �ows, LBM incorporates additional forces or rules to account

for the interactions between different phases. Common approaches include the Color-

Gradient Model Ba et al. (2013)[34], where different colors are assigned to other �uids,

and a color gradient is used to model surface tension. Shan-Chen Model [35] introduces

an interaction potential between particles to mimic the cohesive and adhesive forces in

multiphase �ows. Phase-Field Model Takada et al. (2013)[36]uses a continuous phase-�eld

variable to represent different phases and simulate the interface dynamics.

Surface Tension and Wetting Important aspects of multiphase �ows are modeled by

incorporating additional terms in the LBM equations that represent intermolecular forces.

The interface between different �uid phases is tracked and evolved over time, which is

critical in accurately capturing the physics of multiphase �ow, such as droplet formation,

breaking, and coalescence.

LBM is particularly advantageous for multiphase �ows due to its ability to easily

incorporate complex boundary conditions, handle interfacial dynamics, and adapt to parallel

computing frameworks, making it suitable for large-scale, high-resolution simulations.

One of the challenges in LBM for multiphase �ow is ensuring numerical stability,

especially for high density and viscosity ratios between the phases. Moreover, accurately

capturing the microscale interactions at the interface can be computationally demanding,

and simulating arbitrarily shaped bodies using LBM could be quite complicated.
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1.3.4 Finite Volume Method

Finally, the Finite Volume Method (Fine Volume Method (FVM)) is a well-established

numerical method for simulating �uid �ows. In FVM, the computational domain is divided

into small, discrete control volumes. These volumes are typically shaped as simple polygons

(or polyhedra in 3D), covering the entire domain without overlapping. The governing

equations for �uid �ow, primarily the Navier-Stokes equations, are converted into their

integral forms. This allows the equations to be applied over each control volume, ensuring

the conservation of mass and momentum within each volume.

Flow properties such as velocity, pressure, and phase fractions are volume-averaged

within each control volume. These average values are used to represent the state of the �uid

within the volume. Multiphase �ows are complex due to the interactions between different

phases. FVM handles this by incorporating models that capture these interactions with

methods like the Volume of Fluid (VOF) to track the interface between phases.

The VOF is an Eulerian method that tracks the �uid interface by solving a transport

equation for each �uid phase with different density parameters. The method marks cells

with values between0 and1. In the VOF, surface tension effects are modeled by introducing

a surface tension force into the momentum equations. This force is typically applied at

the �uid interface, where a signi�cant role plays the volume fraction gradient. Accurate

calculation of the interface curvature is essential for correctly modeling the surface tension

force. The curvature is generally computed from the gradients of the volume fraction �eld.

Numerically, this can be challenging, especially in complex �ow situations with highly

deformed interfaces.

Various improvements of VOF have been suggested to handle complex geometries,

free surfaces, and multiphase �ows, such as the Marker and Cell method [37], Geometric

Reconstruction [38], High-Resolution Interface Capturing [39], or Level Set [40]. This

method is discussed more thoroughly in the following sections.

However, capturing the dynamics of the phase interface, especially in scenarios with
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complex topological changes like breaking waves or droplet coalescence, can be challenging.

Another problem with the method is that high computational costs for satisfactory mesh

resolutions are necessary for capturing small-scale interfacial phenomena.

The FVM naturally conserves mass and energy, which is crucial for accurate multiphase

�ow simulations. It can handle complex geometries and is adaptable to structured and

unstructured meshes, which is essential when large solid masses interact with multiphase

�uid.

After analyzing the strengths and weaknesses of SPH, LBM, FEM, and FVM, we

have determined that the VOF method aligns most closely with the requirements for our

simulation. The VOF method's robustness in handling multiphase �ows and its ability to

track the interface between multiple phases accurately make it particularly suitable. However,

a crucial aspect of our upcoming work involves selecting the most effective technique for

free-surface reconstruction. This step is essential for ensuring the precision and reliability

of simulation, especially in scenarios where surface tension and interfacial dynamics play

signi�cant roles. Our choice will be guided by a balance between computational ef�ciency,

numerical stability, and the ability to handle the incorporation of the third phase - solid

bodies.

1.4 Method for free-surface representation

The free-surface simulation took a signi�cant time for the research. Several methods are

available for simulating free-surface �ows, each with advantages and limitations. There are

two general approaches when using the Finite Volume Formulation (or considering Eulerian

formulation): interface-tracking methods and interface-capturing. Figure 1.5 provided the

general situation with existing methods for free surface simulation for multiphase �ow

simulation. We highlighted the Front Tracking Method (FTM)[41] and the Marker and

Cell (MAC) Method [37] as the main approaches for interface tracking. For interface

tracking methods, the �eld is waste. Because there are so many methods for free surface
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reconstruction, we had a special interest in mindfully choosing the most suitable approach.

Figure 1.5: Schematic description of existing in the literature for Volume of Fluid methods.

1.4.1 Interface Tracking Methods

The �rst category includes the Front Tracking Method (Front Tracking Method (FTM))[41]

and Marker and Cell (Marker and Cell (MAC)) Method [37]. While interface-tracking meth-

ods could be effective in some scenarios, they have fundamental disadvantages compared to

interface-capturing methods. One of the most important ones is the limited ability to handle

topological changes such as merging, breaking, or creating new interfaces, which can be

challenging. Such events often require advanced mesh manipulation techniques, which can

be dif�cult to implement and may introduce instabilities. This aspect is important when

solid granular material will be falling into the water.

Although Computational Fluid Dynamic (CFD) is generally complex, interface tracking

methods often involve complex algorithms and data structures to track and manage the

moving interface mesh or markers explicitly. This can lead to high computational costs

and require a large amount of memory and processing time. Ensuring good mesh quality

and resolution near the interface is critical for interface tracking methods. Maintaining an
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optimal mesh can be dif�cult, especially in large deformations or high curvature cases. Due

to the complexity of managing the interface mesh or markers, interface tracking methods

can be more challenging to parallelize and scale ef�ciently on high-performance computing

systems.

1.4.2 Interface Capturing Methods

In contrast, the interface-capturing methods are like algebraic [42], geometric VOF [2]

formulation and Level Set Method (Level Set Method (LSM)) [40]. A group of sharp

interface methods [43] offers a more straightforward and �exible approach to handling

complex topologies with potentially lower computational costs than level-set methods.

However, they may suffer from a smeared interface representation and require additional

techniques to sharpen the interface and maintain mass conservation.

Some well-known geometric reconstruction methods include the Piece-wise Linear

Interface Calculation (Piece-wise Linear Interface Calculation (PLIC)) [44] method, which

reconstructs the interface as a line in 2D or a plane in 3D within each interfacial cell.

The PLIC is one of the most widely used methods for reconstructing interfaces in VOF

simulations. The Height Function Method [45] reconstructs the interface by calculating

the height of the �uid in each cell, which is then used to derive the interface normal and

curvature. This technique is particularly effective in structured Cartesian meshes. Youngs'

Method [46] represents the interface as a piece-wise linear surface within each cell, allowing

for time-dependent multi-material �ow simulations with signi�cant �uid distortions. The

isoAdvector [2] method involves two main steps: exploiting an iso-surface concept for

modeling the interface inside cells in a geometric surface reconstruction step and modeling

the motion of the face-interface intersection line for a general polygonal face to obtain the

time evolution within a time step of the submerged face area. As a plus, it has an open-source

implementation as a part of OpenFOAM [47].

These are just a few examples of the geometric reconstruction schemes used in multi-
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phase �ow simulations. Each method has its advantages and disadvantages, and choosing

the most suitable method depends on factors like the problem's complexity, computational

resources, and accuracy requirements.

Algebraic reconstruction schemes are used in interface capturing methods, particularly

within the context of the Volume of Fluid (VOF) method. These methods compute the

�uxes algebraically without the need for geometric reconstruction of the interface. Some

well-known algebraic reconstruction methods include compressive schemes, which use the

information of the interface's orientation (interface normal) with respect to the cell face to

compute the face �ux.

One example of a compressive scheme is the High-Resolution Interface Capturing (High-

Resolution Interface Capturing (HIRC)) method [39]. Tangent of Hyperbola for Interface

Capturing (Tangent of Hyperbola for Interface Capturing (THINC)) [48] schemes utilize a

hyperbolic tangent function to represent the phase indicator function. The volume fraction is

then obtained using a numerical approximation, such as volume-averaged, polynomial, or hy-

perbolic tangent representation. The Compressive Interface Capturing Scheme for Arbitrary

Meshes (CICSAM) (Compressive Interface Capturing Scheme for Arbitrary Meshes)[49]

is an extension of the compressive VOF method for unstructured meshes. It uses the ori-

entation of the interface normal to compute the face �ux. Slope-Limiter-Based Methods

[50] use slope limiters to control the steepness of the volume fraction gradient within the

cells, which helps to avoid numerical oscillations and maintain the sharpness of the interface.

Multidimensional Universal Limiter for Explicit Solution (Multidimensional Universal Lim-

iter for Explicit Solution (MULES))[51] is a numerical scheme where the advection term

is modi�ed to compress the surface and reduce smearing. It helps achieve a higher-order

scheme for a more accurate advection at the surface. These algebraic reconstruction schemes

offer varying degrees of accuracy and computational ef�ciency. The choice of the most

suitable method depends on factors like problem complexity, computational resources, and

accuracy requirements.
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Although based on our experience of using this approach in OpenFOAM [51], the method

does not fully capture the movement of the free surface and the formation of droplets, and

the method provided in Reonby et al. (2019)[2] shows better simulation results.

The Level Set method is a popular numerical technique used for tracking interfaces and

shapes in various applications, including two-phase �ow simulations. It applies widely to

multiple problems, including �uid mechanics, computer graphics, and image processing.

The method has its advantages, such as accurate computation of interface properties. The

technique allows precise calculation of normals and curvature, which are crucial in many

interfacial �ow applications. Another bene�t of the method is implicit interface representa-

tion, which makes it easier to handle complex topologies such as merging, breaking, and

self-intersecting interfaces. The Level Set method can be easily extended to work with

Adaptive Mesh Re�nement (AMR), allowing for better resolution in areas of interest and

reduced computational cost.

On the other hand, several disadvantages may make the method not the �rst choice. One

of the most signi�cant issues is that it does not inherently conserve mass for each phase,

a critical requirement in the numerical modeling of realistic two-phase �ows. Although

there are techniques to limit mass loss, the problem cannot be eliminated entirely. Moreover,

solving the Level Set equation can be computationally expensive, especially for large-

scale problems or those requiring high accuracy, and the Level Set function needs to

be reinitialized frequently to maintain a signed distance function, which can introduce

additional computational overhead and may lead to a loss of accuracy. Coupling the Level

Set method with other physics, such as �uid �ow, can be challenging and may require

additional numerical techniques to address issues like mass conservation or surface tension.

Based on the literature review, the most general and accurate method is the geometric

VOF; it has implementation as an OpenFOAM solver [2], which is called IsoAdvector.

The method was chosen for free surface reconstruction and compared with available in

OpenFOAM MULES [51]. Because of the complexity of the technique, it is necessary to
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describe it in more detail, which will be done in the next chapter.

The isoAdvector method is unique for a couple of reasons: First, it uses a special way to

draw the boundary line inside a cell when we are looking at how a liquid's surface changes.

Secondly, it tracks how this outlined surface moves across the cell's boundary over time. By

�guring out how much of the boundary gets wet during a certain period, we can precisely

calculate the amount of liquid that's moved through it.

Due to open source availability and good performance of the method during the testing

phase and the that we considered �nding the boundary of solid bodies and existing gaps

between solid bodies, which are consequences of the boundary condition problem in the

SPH method, we concluded that isoAdvector would be the best choice for our simulation.

1.5 Methods for granular media simulation

Different methods are available for simulating granular media, with pros and cons. These

methods include the Discrete Element Method (DEM)[52], Finite Element Method (FEM),

Smoothed Particle Hydrodynamics (SPH)[19], Lattice Boltzmann Method (LBM) [22] [32],

and Molecular Dynamics (Molecular Dynamic (MD)).

1.5.1 Discrete Element Method

The DEM is a method widely used for studying the behavior of granular materials under

different loading conditions. In this approach, granular media are modeled as a collection of

discrete particles interacting with each other through contact forces. One of the strengths of

DEM is its ability to capture the details of individual particle interactions and calculation of

contact forces, making it suitable for studying granular materials with complex geometries

and boundary conditions.

In DEM, granular materials are modeled as an assembly of discrete particles. Each

particle is treated as a distinct entity with its own properties (such as mass, size, and shape).

The core of DEM is the calculation of forces and torques when particles come into contact.
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The method uses contact mechanics models to simulate the interaction forces, including

normal force (due to collision), tangential force (due to friction), and possibly other forces

like cohesion. Newton's laws of motion govern the motion of each particle. The forces and

torques resulting from particle interactions determine the acceleration, which is then used to

update the velocity and position of each particle over time. DEM employs a time-stepping

algorithm to solve the motion equations iteratively. At each time step, the method updates

the position and velocity of each particle based on the net forces acting on it.

DEM excels in capturing the details of particle-particle and particle-wall interactions,

and the method can effectively model granular materials �owing through or interacting with

complex geometries. It's also suitable for various materials with different properties, includ-

ing cohesion, friction, and irregular shapes. Parameters such as particle size distribution,

shape, and material properties can be tailored to simulate a speci�c type of granular material

accurately.

However, DEM is computationally demanding, especially as the number of particles

increases. This is due to the need to calculate interactions for each particle pair at every

time step. While DEM is excellent for granular materials, it may only accurately capture the

behavior of materials with signi�cant cohesive or adhesive forces with additional modeling

considerations. DEM could be useful for its ability to detail individual particle interactions,

which is essential for understanding the behavior of granular materials. Its ability to model

complex particle geometries and interactions makes it a powerful method.

In contrast, FEM is useful for simulating large-scale systems with solid bodies, complex

geometries, and boundary conditions. While FEM can capture the behavior of granular

materials under different loading conditions, it is less accurate in capturing the details of

individual particle interactions.

The Smoothed Particle Hydrodynamics Method could be used not only for �uid simula-

tion but also for predicting the behavior of granular media as a �uid with individual particles

representing the grains. This method is well-suited for simulating the dynamics of granular
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�ows and mixing processes. However, its accuracy in capturing the detailed contact forces

between individual particles is limited, which restricts its applicability to certain granular

materials.

Lattice Boltzmann Method falls into the same category as the SPH group of methods.

It is an ef�cient method for simulating large-scale systems with complex geometries and

can accurately capture the �uid-like behavior of granular materials. However, it can be

computationally expensive for high-resolution simulations, and its accuracy in capturing the

detailed contact forces between individual particles is limited.

Molecular Dynamic Methods help study the behavior of granular materials at a mi-

croscopic scale and can capture the effects of thermal �uctuations and chemical reactions.

However, it is computationally expensive and may need to be more practical for simulating

large-scale granular systems.

Considering each method's strengths and limitations, we have chosen DEM featuring

multi-spherical bodies, called clumps in the literature, as our method for simulating granular

media. DEM can capture the details of individual particle interactions and contact forces,

and adding clump features allows for the modeling of cohesive forces between particles,

which can be crucial in certain types of granular materials.

1.6 Coupling approach.

Coupling methods are commonly used in simulations where multiple physical phenomena

are involved. There are different ways to couple simulations; each method has advantages

and disadvantages. Some common coupling methods include one-way coupling, two-way

coupling, and fully coupled simulations.

In one-way coupling, one simulation provides input to another, but the second simulation

does not affect the �rst. This method is useful when one simulation has a negligible effect

on the other simulation. In two-way coupling, which sometimes is called strong coupling,

both simulations interact with each other, and the results of each simulation affect the other.
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However, the interactions between the simulations are limited to speci�c points in time,

and the simulations do not interact with each other at every time step. In fully coupled

simulations, the models are completely integrated, and the results of both simulations are

obtained simultaneously. The simulations interact at every time step, and each simulation

considers the other simulation's effect.

1.6.1 Immersed Boundary Method

. There are not a lot of options on how to implement coupling for this type of problem.

Because we can not incorporate solid body mesh into the �uid mesh or generate body

conformal mesh, every time step would be very cumbersome on top of the already existing

computational load.

The most well-known approach for two-way coupling is the Immersed Boundary Method

(Immersed Boundary Method (IB)) [53]. One of the key strengths of the IB method is

its ability to simplify the computational modeling of complex, moving, or deforming

boundaries. This is achieved by embedding the structure (boundary) within a regular

�uid grid, eliminating the need for the �uid mesh to conform to the shape of the solid

boundary. It applies to a wide range of problems, from biological applications like blood �ow

through arteries and heart valve dynamics to engineering applications like �uid interaction

with �exible structures or porous media. The IB method typically uses a mathematical

formulation to couple the �uid and solid equations, where forces are incorporated into

governing equations and are exchanged between the �uid and the immersed boundary. This

results in a seamless integration of solid and �uid dynamics, allowing for the accurate

capture of their interaction.

While the IB method offers distinct advantages, it also faces challenges, particularly

in accurately capturing the boundary layer dynamics and ensuring numerical stability for

highly stiff structures. These challenges require special numerical treatment and sometimes

integration with other computational techniques.
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There are a couple of approaches to projecting the force onto �uid mesh - the Continuous

Forcing Approach and the Discrete Forcing Approach. The �rst is how IB initially came

into use - for elastic boundary simulation. Utilizing the Continuous Forcing Approach in

scenarios involving �ows with rigid bodies presents speci�c dif�culties, primarily because

the behavior of the forcing terms can become problematic in rigid scenarios. To address this

issue, simpli�ed models are designed to approximate the in�uence of the solid boundary on

the �uid �ow. Nonetheless, these models introduce speci�c parameters that can signi�cantly

impact the simulations' numerical accuracy and stability. An inherent characteristic of

these methods is the smoothing of the forcing function, which may lead to a less distinct

representation of the Immersed Boundary (IB). This lack of sharpness can be particularly

challenging in simulations involving high Reynolds number �ows. Furthermore, a common

requirement of these methods is solving the governing �uid dynamics equations within the

immersed body, adding another layer of complexity to the simulation process.

In turn, the Discrete Forcing Approach is where solid body boundaries are applied

to computational cells. There are two ways of imposing boundary conditions - indirect

and direct. In the �rst case, the process involves modifying the numerical solution by

subtracting forcing functions after the discretization of the Navier-Stokes equations. A

key bene�t of this method is the elimination of the necessity to pre-de�ne parameters for

the forcing functions before solving the Navier-Stokes equations. Additionally, it avoids

stability issues often associated with continuous forcing functions. However, this approach

still requires the implementation of distributed forcing functions, which rely heavily on the

chosen discretization algorithm. This reliance underscores the method's dependency on the

speci�cs of the numerical discretization process.

It is a way more popular direct imposition of boundary conditions. In this approach,

the boundary is de�ned by a set of Lagrangian points. The �uid velocities at these points

are interpolated and utilized to determine their movement. Subsequently, a constitutive

equation calculates a force term, which is then distributed to the adjacent cells. This method
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effectively integrates the movement of the boundary with the �uid dynamics, ensuring a

cohesive interaction between the �uid and the boundary de�ned by the Lagrangian points.

One of the ways of direct imposition of boundary conditions is a ghost-cell method,

where �ctitious cells are located inside the solid body in a computational mesh. These ghost

cells are used to impose boundary conditions at the �uid-structure interface. The approach

extends the computational domain into the solid body, allowing for a more straightforward

application of boundary conditions. The boundary of the immersed object is handled by

modifying the �uid variables in these ghost cells to enforce the no-slip condition at the

�uid-structure interface. This modi�cation effectively creates a boundary layer that mimics

the physical presence of the solid structure within the �uid �ow.

One of the main advantages of this method is its ability to provide a sharp represen-

tation of the boundary, which is particularly important for accurately capturing the �ow

characteristics near the boundary. It also helps maintain a more structured grid, which can

be advantageous for numerical stability and simplicity in implementing the solver. While

effective, the method can be computationally intensive, especially for complex geometries

or highly dynamic interactions. Ensuring the accuracy of the ghost cell data and maintaining

numerical stability are also important considerations in the implementation of this method.

In the cut-cell IB, in this method, The boundaries of the immersed body intersect cells

on the CFD mesh. These intersected cells are known as "cut cells." The boundary of the

structure effectively "cuts" through these cells, dividing them into �uid and solid portions.

Once the cut cells are identi�ed, they are modi�ed to account for the part of the cell volume

that is occupied by the solid structure. This involves adjusting the volume fractions of these

cells to re�ect the �uid and solid portions. The �uid equations are then solved only in the

�uid portion of these cut cells. Boundary conditions are directly applied at the interface

within the cut cells, depending on the nature of the �uid-structure interaction.

The �uid �ow is simulated across the entire grid, including regular and cut-cells. The

presence of the structure is accounted for in the cut cells, allowing the �uid to interact

23



realistically with the boundaries of the structure. One challenge of the Cut-Cell method is

the potential creation of very small cut-cell fractions, which can lead to numerical instability.

Various techniques, such as cell merging, �ux correction, or stabilization algorithms, are

employed to overcome these challenges.

The advantage of this method is its ability to provide a high degree of accuracy in

representing the geometry of the immersed structure. This is crucial in applications where

the precise shape and position of the structure signi�cantly affect the �uid �ow. The Cut-Cell

method is particularly bene�cial in scenarios where the structure's geometry is complex or

where the boundaries are not aligned with the main �ow direction. It enables detailed and

accurate simulations without complex meshing around the structure.

For coupling with rigid bodies, the discrete forcing approach is more popular and suitable.

Two ways of imposing boundary conditions on the immersed boundary are indirect and

direct.

And the last one is Fictitious Domain Method (Fictitious Domain Method (FDM)) which

is based on Lagrangian multipliers as constraint to the weak form of the Navier-Stokes

equations, enforcing the boundary conditions of the rigid body in the system. In the initial

work Lagrangian multipliers needed to be calculated explicitly, which made the method

rather inef�cient. Patankar et al. (2000) [54]; improved the method by using body forces and

therefore avoiding the necessity of calculating the Lagrangian Multiplier explicitly. Instead,

they introduced body forces that enforced the rigidity constraint. In a �rst run, the whole

domain is considered as �uid phase, then motion of the bodies is imposed and the last step

motion is relaxed. It other words the incompressible Navier-Stokes equations are solved

on the whole computational domain. Information about the rigid motion of the bodies -

evaluated with the DEM - is incorporated in the form of a body force. The velocity �eld

of the �uid is modi�ed in order to satisfy the conservation equation and a correction of the

pressure �eld takes place.

In our work, we have chosen to use two-way coupling with FDM approach to calculate
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solid forces. In this way, the method would allow us to simulate the interactions between

different physical phenomena while being computationally ef�cient. This choice will

provide the necessary level of accuracy while keeping the computational costs reasonable.

To run this type of simulation code based on CFDEMcoupling [55] was chosen and its

two-way coupling approach. It is a software framework primarily used for CFD and DEM

applied simulations.

There are a couple of main reasons why we decided to use this approach:

• CFDEMcoupling is an open-source project, allowing for customization and modi�-

cation to suit speci�c research needs. As well as it has a good online community of

users and developers.

• Project based on OpenFOAM - open-source C++ programming library. Freedom to

choose the type of discretization, boundary conditions, methods to project solid body

on Eulerian mesh, and even what approach to use to model free surface.

• Discrete Element Method (DEM) part is open-source, based on molecular dynamic

package [56] with options of creating clump as a body and possibly implementing

force interaction models for granular media.

• The framework supports parallel processing and uses Message Passing Interface (MPI)

[57], which signi�cantly speeds up simulations, especially for complex and large-scale

problems

• It is widely used in various engineering and physics applications, such as �uidized

beds, sediment transport, and granular �ow simulations.

Veri�cation and validation procedures of CFDEMcoupling [55] already done by [58]

and [59] for one phase �uid interacting with solids. The next step is to implement multiphase

and apply the method to the real-world problem.
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1.7 Reproducibility

Despite the fact that in recent years, there have been a couple of academic papers published

using a similar approach [9], [13], in current work using a more ef�cient method for free

surface simulation and probably a different way of implementing force which communicates

back and forth between solid and �uid parts. The authors of published works do not share

their source code; data from simulations and experiments used for veri�cation are impossible

to repeat because of a lack of experiment parameters. That makes works unreproducible and

could deprive readers of understanding how the proposed approach works. One goal of the

current research was to ensure the application is reproducible. A container for the solver,

scripts, data, and con�guration �les is available in the manuscript repository on GitHub [60]

and docker hub [61] and Jupyter notebooks.

1.8 Thesis outline

The research project aims to simulate the behavior of �uids, granular media, and their inter-

actions. We must carefully choose the appropriate numerical methods for each simulation

aspect to achieve this goal.

We considered various approaches for �uid simulation, such as SPH, FEM, VOF, and

Lattice Boltzmann. After analyzing the pros and cons of each method, we concluded that

the geometric VOF method with the isoAdvector approach for phase reconstruction is the

best choice.

Next, we evaluated several techniques for free surface simulation, including level-set,

front-tracking, and a customized version of the LSM. After careful consideration, we decided

to use the isoAdvector approach with some modi�cations to meet the speci�c needs of the

simulation.

Finally, we looked at various methods for granular media simulation, such as DEM, SPH,

and lattice-based models. Based on the analysis of each method's strengths and weaknesses,
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DEM with a multi-spherical body features the most appropriate with a two-way coupling

method for the simulation interaction of the solid part and the two-phase �uid. This method

allows the most accurate modeling of the interactions between the media.

We implemented and ran simulations with the method developed and described in the

previous steps to validate and verify simulation results. This will include parallel options for

simulation and will be supported with veri�cation and validation procedures. Ultimately,

the results of the simulations applied to a real-world problem to demonstrate the practical

applications of this research.

In conclusion, this research project represents an analysis of the two-phase �uid, free-

surface, and granular media simulation methods for the simulation model. This study's

�ndings can advance our understanding of the interaction of �uids and granular media with

real-world applications in �elds such as engineering and geology and provide reproducible

results that other researchers could improve and use.

1.9 Conclusion

In this chapter, we provided the aims of the research. We were considering existing methods

to solve landslide simulation problems related to the Fluid-Structure Interaction approach.

Through detailed review and preliminary research on existing methods for each part of the

simulation, we choose the most suitable approach and set responsibility goals.
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Chapter 2: Background and Methods

As discussed in the previous chapter, we will solve a complicated process such as a landslide

simulation as a Fluid-Structure Interaction (FSI) problem. It is well known in the CFD

�eld, attacking researchers and scientists with different approaches. The main criteria and

dif�culty for the problem we consider in the current thesis are that we are solving a two-way

coupling simulation [62]. That means that simulations from the �uid part affect simulation

from the solid part and vice versa, and we need to consider the best way to communicate

between these two parts. We use the geometrical Volume of Fluid approach for coupling

based on the Immersed Boundary Method for free surface reconstruction. For solid particle

simulation, the Discrete Element Method allows multispherical bodies as arbitrarily shaped

bodies.

We will start with the Navier-Stokes system of equations for incompressible �uid, which

consists of momentum and continuity equations:

¶(r u)
¶t

+ Ñ � (r uu) = � Ñp+ Ñ� � + r g; (2.1)

Ñ � u = 0: (2.2)

whereu is the velocity vector �eld,r is the �uid density,p - the pressure,t is the stress

tensor andg gravity force. Stress tensor could be found as

� = m
�
Ñu + Ñu T �

�
2
3

mI Ñ � u (2.3)

wheremis �uid dynamic viscosity.

There is no analytical solution available for Navier Stokes equation; in fact, solution

existence and uniqueness have not been proven till these days [63]. The most common and

stable approach for �uid simulation is to solve equations approximately the Finite Volume
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Method (FVM) [64], where we use the Eulerian frame of reference to solve momentum and

continuum equations as a Navier-Stokes system.

2.1 The Finite Volume Method

To solve a system of equations 2.1, we need to discretize the solution domain, which, in

turn, gives us a computational mesh on which governing equations are subsequently solved.

The procedure consists of two parts: discretization of time and discretization of space.

For the space discretization, we use the Finite Volume Method (FVM), where the main

feature is that the domain is subdivided into Control Volumes (which do not overlap and

cover the whole domain).

¶ f
¶t

+ Ñ � (r uf ) = Ñ � (DÑf )+ S; (2.4)

whereD - is diffusivity of the �ux f andSis the source term. If we write the equation in

integral form as:

¶ f
¶t

Z

VC

f dV +
Z

VC

Ñ� (r uf )dV =
Z

VC

Ñ� (DÑf )dV +
Z

VC

SdV; (2.5)

whereVC is a �xed control volumeC andSits �ux over the boundaries. Then, applying

Gauss theorem to the convective and diffusive term, we will get

¶
¶t

Z

VC

f dV +
Z

SC

Ñ� (uf )dS=
Z

SC

Ñ� (DÑf )dS+
Z

VC

SdV; (2.6)

where integral over a surfaceSC of control volumeC integral with normal directed outwards

from control volume.
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2.1.1 Governing equations and domain discretization

Using �nite difference approach to propagate in time and replacingu by an approximation

of the Taylor series around the cell centre.

Eqn. 2.6 is semi-discretized form of eqn. 2.4, in order to solve it, we need to approximate

each term [64] for the forward Euler scheme:

¶
¶t

Z

VC

f dV =
r n+ 1f n+ 1 � r nf n

Dt
VC (2.7)

The convective term can be approximated by summing up the �uxesf across the faces of

the control volume as
Z

SC

Ñ� r u f f dS� å
f

r u f f f � Sf (2.8)

whereSf faces of the control volume elementC andu f is interpolated value at the corre-

sponding face. A similar procedure is applied for diffusive term if we assume thatD is a

scalar
Z

SC

Ñ� (DÑf )dS� å
f

D(Ñ f f ) � dSf ; (2.9)

whereÑ f f is the face normal gradient at faceSC. The source term as a function off could

be integrated over a control volume as

S(f ) = Spf + Su (2.10)

Following integration over the control volume, this results in:

Z

VC

S(f )dV = SpVCf + SuVC (2.11)

whereSp andSu are source terms.
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2.1.2 Temporal discretization

In order to propagate in time[t;t + D). The time interval[t; t + D) is divided into a number

of time intervals of lengthDt starting att0. For these time intervals, we will solve equation:

Z t+ Dt

t

�
¶
¶t

Z

VC

f dV +
Z

SC

Ñ� (r uf )dS
�

dt =
Z t+ Dt

t

� Z

SC

Ñ� (DÑf )dS+
Z

VC

SdV
�

dt

(2.12)

Assuming that control volume does not change in time, we can rewrite 2.12 as a discretized

form of transport equation 2.4. Using an implicit Euler formulation and substituting disrce-

tized spatial terms, we will get:

rf n+ 1
C � rf n

C

Dt
VC + å

f
Sf � r u f f n+ 1

f = å
f

D f

�
Sf Ñ f f n+ 1

f

�
+ SpVCf n+ 1

C + SuVC (2.13)

wheref n+ 1
C is the value off at the centre of control volumeC at timet + Dt, f n

C is the

value off at the centre of control volumeC at timet, Sf is the area of facef , r u f is the

interpolated velocity at the facef , f f is the interpolated value off at the facef , D f is the

diffusivity at the facef , Sp andSu are source terms. Face values have to be obtained from

the neighboring cells, which is why the interpolation scheme plays an important role in the

accuracy and stability of the solution.

In addition to the forward Euler scheme already discussed, other commonly used methods

include the �rst-order implicit backward Euler and the second-order hybrid Crank-Nicolson

schemes [65].

2.1.3 Solving linear system of algebraic equations

There are different approaches to get neighboring cell-face values. It could be a widely used

upwind scheme [66], or it could be a higher-order scheme.
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If we write 2.13 in general form as:

aCf n+ 1
C + å

N
aNf n+ 1

N = bC (2.14)

whereN denotes of neighboring cells ofC, aC are the diagonal components of the matrix[A]

andaN are the off-diagonal components. This system could be written in a matrix form as:

[A][f ] = B (2.15)

where[A] is the sparse matrix containing the coef�cientsac andaN, [f ] is a �ux values,

which is unknown andB contains the source terms. This system is a set of linear equations

which can be solved using a suitable numerical technique. It could be a direct solver

or an iterative method. Direct solvers become impractical for large systems due to their

operation count scaling with the number of equations, leading to a signi�cant increase in

computational effort as the system size grows. On the other hand, iterative methods begin

with an initial guess and progressively re�ne the solution's accuracy with each iteration

based on the equation's tolerance, making them more ef�cient for large systems. Moreover,

the matrix[A] typically has a sparse structure, with non-zero elements primarily along the

diagonal and very few non-zero elements elsewhere, further enhancing the suitability of

iterative methods for these problems.

2.1.4 Solution of the system

Because the momentum and continuity equation does not have a pressure relation 2.1 and

there is no straightforward solution, a couple of common ways exist to treat this issue [64].

The most common are SIMPLE, PISO, and PIMPLE algorithms. This work uses Pressure

Implicit Splitting Operator (PISO) [64] due to its stability to time advantage. Equation 2.13
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is rewritten with the pressure term as

r
uf

n+ 1 � un
f

Dt
VC + å

f
Sf � (r uf) f uf = å

f
mf

�
Sf Ñ f uf

�
� å

f
Ñ f (pn) (2.16)

can be solved as a system of linear algebraic equations in two steps on a staggered accord-

ing to the PISO approach. Usually, the pressure is calculated using the Rhie-Chow[67]

interpolation scheme. It is done to avoid pressure-velocity decoupling. The process of

pressure-velocity coupling could be described in two steps. First, the prediction step �nds

intermediate velocity, and second, the correction step �nds pressure and velocity.

We can rewrite the momentum equation in semi-discretized form, as in [68]:

acu fc = H (u f) � Ñp� � g � x Ñr f; (2.17)

whereac is the matrix coef�cient ofc andH (u f) is the matrix of the viscous terms and the

coef�cients of the neighboring cells could be found as:

H (u f) = Ñ � � � å
N

aNu fN (2.18)

To calculate the �rst step of the PISO algorithm, we predicting the velocityu�
f from a

guessed pressure �eldp� , which is usually pressure from the previous step

u �
fc =

1
ac

[H (u f) � Ñp� � g � x Ñr f] (2.19)

velocity u �
fc, which we got, is not divergence-free, and we need to satisfy the continuity

equation because it is predicted from the guessed pressure �eld. Then, to calculate pressure

and velocity �elds, a new divergence-free velocity will be found after the pressure correcting

procedure:

Ñ �
�

1
ac

Ñp�
�

= Ñ �
�

1
ac

(H (u f) � Ñp� � g � x Ñr f)
�

(2.20)
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now we have new, corrected pressure, and then we correct velocity based on new pressure,

which basically looks like

p�� = p� + p0

uf
�� = uf

� + u0
f

(2.21)

and this pressure correction is repeated a prescribed number of times for better solution

convergence. The revised pressure �eld is applied to adjust the velocity, ensuring continuity

and that the new velocity �eld is divergence-free.

2.2 Volume of �uid method for multiphase �ow

For multiphase �ow simulation, we are using as a base of Volume of Fluid Method (VOF)

[69]. The main idea of the method is to track the interface between two �uids by solving

the continuity equation for the volume fraction of one of the �uids. The volume fraction is

de�ned as the ratio of the volume of one �uid to the total volume of the two �uids. We start

with the Navier-Stokes equation for two phases:

¶(r u) i

¶t
+ Ñ � (r uu) i = � Ñpi + Ñ� � i + r ig

Ñ� ui = 0
(2.22)

wherei is the phase number, the VOF method relies on �nite volume mesh [64]. Next step

for simulation of the free surface we add to the system 2.22 convection equation for �uid

phase:
¶a
¶t

+ Ñ � (a u) = 0 (2.23)

To differentiate �uid phases, we can use the scalar Heaviside step function to mark mesh

cells as shown in Figure 2.1 and calculated as:

a (t;x) =

8
><

>:

1; x 2 W1

0; x 2 W2; [ G
(2.24)
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whereW1, W2 different �uid phases andG is a surface. The surfaceG is a free surface

between two �uids.

Figure 2.1: Schematic representation of the volume of �uid mesh. Where values from0 to 1
represent the �uid phase in a cell.

On the interface boundary, we need to satisfy the equilibrium state:

(� 1 � � 2) e= ( p1 � p2 + s K) e

u1 = u2

(2.25)

wheree - unit normal vector toW1, K - surface curvature ofGands is surface tension

coef�cient. Based on 2.24 density and viscosity are:

r = ar water+ ( 1� a )r air

m= amwater+ ( 1� a )mair

(2.26)

In the pure advection problem with a predetermined velocity �eld, the speci�c values of

the �uid densities,r air , andr water, are immaterial; that is, the solution does not depend on

them. To remove these insigni�cant parameters from the problem, we de�ne the indicator
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�eld:

H(x;t) �
r (x;t) � r water

r air � r water
(2.27)

wherer air andr water are the densities of the two �uids.

2.3 Free surface reconstruction method

The method discussed and used in this work is a sharp interface reconstruction technique,

often referred to by various authors as the geometric Volume of Fluid (VOF) approach.

Deen et al. [70] in their work utilized Direct Numerical Simulations (DNS) to simulate

multi-phase �ow, employing a combination of the VOF method [69] and the Direct Forcing

Immersed Boundary Method [71]. They used a piece-wise linear interface method for free

surface reconstruction, as in the approach presented by Brackbill [72].

A noted limitation of the VOF method, as discussed in [69], arises when the mutual

distance between bubbles is less than the size of a computational cell. This condition,

referred to as mutual coalescence, makes mass conservation challenging. Consequently,

alternate methods such as the Multidimensional Universal Limiter with Explicit Solution

(MULES) [73] and isoAdvector [2] have been considered, mainly because these methods

are implemented and are available online in open-source. The study by Roenby et al. [2]

provides a comprehensive comparison of these two methods and proprietary solvers like

ANSYS Fluent and STAR-CCM+, demonstrating their performance using a disk formation

�ow experiment. Roenby et al.'s work [2] gave promising results. Because of performance

and access to the source code, the free surface reconstruction approach from isoAdvector

was tested and chosen. The details of the algorithm are presented below.

The algorithm for isoAdvector, as described in detail by Roenby et al. [2], consists of

the following steps:

1. Initialization: The initial �uid distribution is represented by a �eld variable such as a

color function or a volume fraction, which is set to1 in cells �lled with �uid and 0 in
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cells �lled with air (or another �uid).

2. Interface reconstruction: The �uid-air interface is reconstructed in each cell based

on the volume fraction. This is typically done using a geometric approach, which

represents the interface as a planar surface within each cell

3. Advection: The interface is advected according to the local �uid velocity. This is

done by sweeping a control volume through the cell in the friction of the velocity

vector and computing the change in the volume fraction

4. Correction: After the advection step, the volume fractions are corrected to ensure

mass conservation. This is done by adjusting the volume fraction in cells where the

interface has been advected in or out.

5. Update: The new volume fractions are used to update �uid distribution for the next

time step.

For isoAdvector method the phase fraction of each phase calculated from a functionH(x;t)

2.27 as:

a i =
1
Vi

Z

Wi

H(x ;t)dV; (2.28)

whereWi is a control volume andVi is the volume of celli. Given the phase fraction within

each cell at timet, the objective is to determine the phase fractions for the subsequent

time step. This is achieved by integrating the �ux ofa across each cell face over time and

summing the results:

a i(t + Dt) = a i(t) �
1
Vi

å
j2Bi

si j

Z t+ Dt

t

Z

Fj

H(x ; t )u (x ; t )dSdt (2.29)

Here, the symbolBi denotes the set of all facesFj associated with celli. The factorsi j is

used to orient the �ux outward from the cell.t is the integration variable used over the time

step,dSis the differential area vector pointing out of the volume.
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The factorsi j can either be+ 1 or � 1. Its purpose is to ensure that the productsi j dS

always points outward from the cell boundary, even when the orientation of facej causes

dSto point into the cell.

The right side integrals could be replaced withDVj (t;Dt), which represents the total

volume of �uid transported across facej during one time-step in given by:

DVj (t;Dt) =
Z t+ Dt

t

Z

Fj

H(x ; t )u (x ; t )dSdt (2.30)

The integrals can be replaces byDVj (t;D), representing the total �uid volume moved across

a facej in a time step. This quantity will be referred as:

DVj (t;Dt) =
Z t+ Dt

t

Z

Fj

H(x ; t )u (x ; t )dSdt (2.31)

This allows us to express the next step as:

a i(t + Dt) = a i(t) �
1
Vi

å
j2Bi

si j DVj (t;Dt) (2.32)

In the context of �uid equations of motion treated by the �nite volume method, the velocity

�eld is represented by cell-averaged values:

ui(t) �
1
Vi

Z

Ci

u(x;t)dV (2.33)

Given that the convective terms in the governing �uid equations give the transport of

properties like mass and momentum across cell faces, volumetric �uxes across mesh faces

are calculated as:

f j (t) �
Z

Fj

u(x;t) � dS (2.34)

wheref j is the face �ux across the facej.
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2.3.1 The advection step

Many interface �ow solvers in the Navier-Stokes equations use a segregated solution

approach, wherein the governing �ow equations are solved sequentially for each time step.

As a result, while advancing the interface from timet to t + Dt, we only have access to the

velocity �eld information up to timet. However, to compute the updateda i as illustrated in

equation 2.37, it's necessary to understand the velocity �eld within the interval [t, t + Dt].

This implies estimating how the velocity �eld evolves during this time step.

The most straightforward approach is to presume that the velocity �eld remains constant

throughout the entire time step [2]. This assumption simpli�es the expression in equation

2.30 tou(x; t ) � u(x;t). Furthermore, in equation 2.30, we suppose that the dot product of

u with the differential face normal vector,dS, on faceFj can be approximated in terms of

the volumetric face �ux,f j 2.34 as:

u(x;t) � dS�
f j (t)�
�Sj

�
� dSfor x 2 Fj (2.35)

if we set the face normal as in [2]:

Sj �
Z

Fj

dS (2.36)

and substitute in into 2.30, we will get:

DVj (t;Dt) �
f j (t)�
�Sj

�
�

Z t+ Dt

t

Z

Fj

H(x; t )dSdt (2.37)

while the the rest of the 2.37 is the area of the facej submerged in one �uid, which we call

A j (t ):

A j (t ) �
Z

Fj

H(x; t )dS (2.38)
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ReplaceA j (t ) into 2.37 we will get:

DVj (t;Dt) �
f j (t)�
�Sj

�
�

Z t+ Dt

t
A j (t )dt (2.39)

The transport of one �uid across a face is computed only once per face. For internal faces,

this calculated value is utilized to update the volume fractions for both cells adjoining the

face. This process ensures both local and global conservation of the two �uids, as discussed

in [2] as well as a detailed algorithm.

2.4 Immersed Boundary Method

First, the terminology Immersed Boundary Method (IB) was used by Peskin 1972 [74] to

study blood �ow through the heart. The method has since been applied to various problems

in �uid dynamics, solid mechanics, and biological systems. In the current method, solid

bodies cover several computational cells. There are two primary approaches to handling

�uid-structure interaction problems: body conformal mesh methods and �xed mesh methods.

Body conformal mesh methods offer high accuracy but come with increased complexity in

implementation and computational cost and are unsuitable for the simulation of granular

media processes.

On the other hand, �xed mesh methods discretize the entire computational domain at

once, with both �uid phases and solids sharing a single velocity and pressure �eld. This

leads to more ef�cient calculations, making the �xed mesh approach the method of choice

for this thesis. Figure 2.2 provides a schematic representation of a solid body within a 2D

�uid domain before and after discretization.
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Figure 2.2: Particle in the �uid domain (left), representation of the particle in DEM (top)
and CFD (bottom).Wf luid1 is the water domain,Wf luid2 the air phase,W= Wf luid1 [ Wf luid2.
Gsolid is the interface between �uid and solid.

2.4.1 Void fraction calculation

To account for solid body on Eulerian mesh in CFDEMcoupling [1] usedsmooth represen-

tation [1] algorithm where the each sphere of multisperical body divided into a core and

corona and similar procedure done for each particle 2.3.

ThevoidFractionbi model is used to calculate clump forces and correct the �uid velocity

�eld. The main challenge is that particle dynamics are calculated in a Lagrangian coordinate

system, while �uid dynamics use an Eulerian coordinate system. To account for the solid

body on the Eulerian mesh, the CFDEMcoupling employs asmooth representationalgorithm

[1], where each sphere of a multispherical body is divided into a core and a corona as shown

in Figure 2.3. A similar procedure is done for each particle. All cells detected within the

particle's area have their relative positions with respect to the particle checked. If they are

located inside the core, their volume fraction is set to one. For cells covered by the corona, a

loop over all vertices belonging to the cell begins. If the vertex is inside the particle, the
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Figure 2.3: Schematic representation of the particle divided into core (white) and corona
(gray).

cell's volume fraction is increased by one-eighth since each cell has eight vertices in the case

of a regular hexahedral mesh. If the vertex lies outside the corona, the intersecting point

of the particle hull and the connection between the cell center and edge is computed. The

relative length of the line between the cell center and intersection, multiplied by one-eighth,

is then added to the cell's current volume fraction. This method's veri�cation has been made

in the work by Kloss et al. [1]. Schematically, the process of detection is provided in Figure

2.4.

The �rst stem of the algorithm of �nding thevoidFractionstarts assigning a weight for

every �nite volume cell

bi =
Nvc;i + Ncc;iNv;i

2Nv;i
(2.40)

whereNvc;i andNcc;i are the number of vertices and centers intersecting the immersed body,

respectively.Nv;i one of the vertices, for haxahedral celli = 8. The weight is used to

calculate the velocity of the immersed body at the cell center. The velocity of the immersed

body at celli center is calculated as [75]:

u ib;i = v ib +
1

Nvc;i + Nv;i

" 
Nv;i

å
j

w �
�
x v; j � x ib

�
!

+ Nv;i ! �
�
x c;i � x ib

�
#

(2.41)
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The velocity of celli, denoted asu ib;i, includes the translational velocityv ib and the

rotational velocity around the center of rotationx ib. The coordinates of the cell's center

and vertices are represented byx c;i andx v; j , respectively. It is important to note that the

angular component of the immersed body's velocity at celli's position cannot be determined

analytically due to the stair-casing effect. The expression within the brackets represents

this angular velocity, which is not precisely known. However, for a fully covered cell, it is

equivalent to the angular velocity at the cell center.
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(a) (b)

(c) (d)

Figure 2.4: Schematic representation of de�ningvoidFractionprocess: a)Vertex is outside
the particle b) Connecting a line between the cell center and vertex c)Intersecting point of the
particle hull and the connection between the cell center and edge is computed d)Summing
up the contributions of all vertices.

Using this methodology, the volume of the projected immersed body may not exactly

match the volume enclosed by its surface mesh. Consequently, a halo layer is introduced to

adjust the volume of the discretized immersed body. This layer corresponds to cellsi where

thevoidFractionbi which falls within the range of ]0, 1[. Its size is modi�ed to ensure the

volume remains unaffected by cell alignment [75]. The entire process is summarized in the

block diagram depicted in Figure 2.5 below.
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Figure 2.5: Schematic diagram for the de�ning process of the solid on the �uid mesh

2.5 Discrete element method

The Discrete Element Method (DEM) serves as a foundational approach in the simulation

of granular media and solid body motion. DEM models consist of two core components:

the individual elements, particles like sand grains or stones, and the contacts between them.

The �rst step in any DEM-based simulation is to establish a geometrical model, specify the

mechanical properties of the elements and contacts, and de�ne the time-varying loads on

the system.
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While perfectly spherical elements are computationally convenient, they often result in

unrealistic behavior, particularly in non-cemented assemblies. This has been understood

since the 1980s, leading to the use of 'clumps' for representing non-spherical particles. A

clump is essentially a set of multiple overlapping spheres rigidly connected to approximate

the shape of a complex particle. These clumps move as a single entity, effectively mimicking

a particle with a more intricate shape. Graphical examples of clumps are shown in Figures

2.6a 2.6b.

In DEM simulations, representing non-spherical particles through clumps—a collection

of bonded spheres arranged to approximate irregular shapes—balances accuracy and com-

putational ef�ciency. This method inherently increases the computational overhead due to a

rise in contact interactions and the complexity of force calculations. Nonetheless, it remains

a more computationally viable option than directly simulating truly irregular shapes, which

would necessitate even more sophisticated contact detection algorithms. A wide range of

particle shapes can be accurately modeled by selecting the number, size, and con�guration

of spheres within each clump. Although clumps elevate the computational demands com-

pared to simulations involving only spherical particles, they provide a practical compromise

by enabling the approximation of complex particle geometries without excessively taxing

computational resources. The particles motion formulated in Lagrangian frame of reference

[52] with momentum and inertia equations:

mi
du p;i

dt
= å

i6= j
F int

i j + F ext
i

Ii
d! p;i

dt
= å

i6= j
M int

i j + M ext
i

(2.42)

whereup;i - translational velocity of the particlei. mi - particle mass,Ii - the moment of

inertia. ! p;i - angular velocity of the particlei, F int
i j + F ext

i is the inter-particle interaction

and external forces.M int
i j + M ext

i is the inter-particle interaction and external torque.

The second moment of inertiaIi is essential for calculating stress. For the case of a
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(a) (b)

Figure 2.6: Clump example a) schematic representation of the solid, b) STL image of the
solid body model.

sphere, it could be calculated as:

Ii =
2mpr2

5
(2.43)

For a spherical particle, the moment of inertiaIi can be considered as a scalar because

the sphere exhibits symmetry about all axes. In this case, the moment of inertia will be the

same for any axis of rotation that passes through the sphere's center. This simpli�es the

mathematical description and calculations, as the direction of the axis of rotation doesn't

need to be considered—the value of the moment of inertia will be constant in any case.

In vector form, the moment of inertia is usually represented by a tensor, which is

generally a matrix. However, for a sphere, this matrix would be diagonal with identical

diagonal elements, allowing it to be simpli�ed to a scalar value. In this application, the

discrete element method is used from the LIGGGHTS® package, which is open-source

software designed for simulating granular �ows and their interactions. LIGGGHTS® is

built on C++ and based on LAMMPS® molecular dynamics simulator.
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2.5.1 Time integration

In LIGGGHTS [55], the second-order accurate Velocity-Verlet method is employed for time

integration. The method consists of two steps. First, the particle positionr i is integrated

over the entire time step using the half-step velocity:

up;i(t + Dt=2) = up;i(t) +
Dt
2

¶up;i

¶t
(t) (2.44)

r (t + Dt) = r(t) + Dtup;i(t + Dt=2) (2.45)

In the subsequent step, the remaining half-step of the velocity is integrated as follows:

up;i(t + Dt) = up;i(t + Dt=2)+
Dt
2

¶up;i

¶t
(t + Dt=2) (2.46)

Here,¶up;i=dt(t + Dt) is evaluated from the acting forces as described in 2.42. This two-step

process ensures accurate time integration of particle positions and velocities, taking into

account the forces acting on each particle.

2.5.2 Particle–particle contact model

The used method is based on the theory of Cundall and Strack[52], where the complex

collision behavior of spheres is approximated by simple spring-dashpot interactions in

normal (n) and tangential (t ) direction as

F i j = F n
i j � ni j + F t

i j � t i j (2.47)

F n
i j = kndn � hnu rel

p;n (2.48)

F t
i j = kt dt � ht u rel

p;t (2.49)
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wherek is the spring coef�cient from Hertz contact theory,d the particle overlap,h the

viscous damping coef�cient andurel the relative velocity of the colliding particles.

On a Figures 2.7a is shown force directions for a multi-spherical body under deformation

and the force interaction at the contact point between spheres presented on a Figure 2.7b.

(a) (b)

Figure 2.7: Schematic representation of a) force directions for a multi-spherical body, b)
contact model for a multi-spherical body.

kn =
4
3

Eeff

p
reffdn

kt = 8Geff

p
reff dn

(2.50)

wherereff the effective radius,Eeff is the Young's modulus andGeff is the shear modulus,

which de�ned for two colliding particles as:

reff =
�

1
r i

+
1
r j

� � 1

Eeff =

 
1� n2

p;i

Ei
+

1� n2
p; j

E j

! � 1

Geff =
�

2� np;i

Gi
+

2� np; j

G j

� � 1

;

(2.51)

wheren is the Poisson's ratio andhn;ht are damping coef�cients form Mindlin-Deresiewicz
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[76] theory, which could be found as:

hn = � a (e)
p

meffkn

ht = � a (e)

r
2
3

meffkt

(2.52)

more details could be found in [77] documentation.

2.6 Coupling

There are several methods which is available for solving the two-way coupling problem

with CFDEMcoupling code, they listed below in increasing complexity order:

• The Immersed Boundary Method based on Distributed Lagrange Multipliers [78] was

introduced by Shirgaonkar [79].

• Hager [58] adopted Shirgaonkar's approach, using solid body force correction with

the PISO algorithm. The software implementation of this approach is provided as the

CFDEMcoupling code [1].

• Blais [75] stores the solid body force as a separate �eld and adjusts the same imple-

mentation as Hager [1].

• The proposed approach in the current work for two-phase �ow is based on the methods

mentioned above and the VOF method with isoAdvector for free surface reconstruc-

tion.

In the paper by Balachandran et al. [59], a resolved CFD-DEM method was used for blood

�ow simulations. This work serves as an example of two-way coupling with a solid moving

body having 6 degrees of freedom (DOF) for one �uid phase. The model of a red blood cell

is treated as a cluster of overlapping spheres interconnected by a �exible mathematical bond.

The inter-cellular interactions are modeled using a Hertz-Mendelian model, with attractive

forces enforced through a cohesive force based on the Morse potential. A similar idea is
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used as the core concept for simulating granular media of arti�cial shape such as rocks and

boulders.

The resolved CFD-DEM method is technically an Immersed Boundary Method with

a �ctitious domain for the �ow, where the DEM describes particle interactions. The full

description of the system is as follows:

¶(r u) i

¶t
+ Ñpi + Ñ� (r uu) i � Ñt i + r ig = fs in Wf [ Wa (2.53)

Ñ � ui = 0 in Wf [ Wa (2.54)

¶a
¶t

+ Ñ � (a ui) = 0 in Wf [ Wa (2.55)

mp
dup

dt
= mpg+ F f

p + å
Np

F p
p + å

Nw

Fw
p + Fext

p in Ws (2.56)

u = uG on2 G;u = up onWs (2.57)

Ip
dwp

dt
= r �

 

F f
p + å

Np

F p
p + å

Nw

Fw
p + Fext

p

!

in Ws (2.58)

wherefs - is a force from the solid body side, which is calculated with the DEM,Wf ;Wa

- is the volume taken by �uid and air correspondingly,Ws - solid volume,mp - is the

particle mass,F p
f is the hydrodynamic forces acting on the particle andF p

p , andFw
p are the

particle–particle and particle–wall interaction forces, respectively.Fext
p is the external force

acting on the particlep, which comes from cohesion, adhesion, and other interaction forces.

Ip is the second moment of inertia of the particle,wp is the angular velocity, andr is the

distance between the particle centroid and a point on the surface of the particle.

There are two primary categories of CFD-DEM: unresolved and resolved. In the

unresolved method, the particle size is signi�cantly smaller than the computational cell.

Here, the particles' motion is simulated as if they were another �uid, and this is solved using

the Navier-Stokes momentum equation [1]. In contrast, in the resolved method, the particle

size is considerably larger than the computational cell, as shown in the Figure 2.8 below: For
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Figure 2.8: Particle representation approaches

the resolved CFD-DEM, there are two main approaches how to provide the coupling. One

is the direct forcing approach [71], which could be used to modify the �ow with a no-slip

boundary condition, which changes the particle velocity. The main feature of the approach

is dependence on spatial discretization, which is used for IB �ux calculation because the

velocity �eld has to be divergence-free.

Another one is the continuous forcing approach [53] where the source term from the

solid body 2.59 is added before discretization, therefore no independence from spatial

discretization.
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FB =
rb

�
up � u f

�

Dt
(2.59)

whereu f andup are �uid and particle velocity correspondingly. The solid volume fraction

b or so-calledvoidFraction, b = 1 when the cell is fully occupied with the solid, orb = 0

if it is not occupied and at the interface 0< b < 1.

Note that the method has been used for Fluid-Structure Interaction (FSI) problems [75],

[9], [13], but the original part is a combination of two-phase �ow with surface reconstruction

method interaction with solid bodies of arbitrary shape.

2.6.1 Force term calculation

To account for solid body forces 2.41 during the computation of the system of governing

equations, we will add particle position data, save it invoidFraction�eld, and with it as a

source term in momentum equation during calculation pressure and velocity cycle which is

based on PISO algorithm, described before in 2.1.4 section.

step 1: Prediction step, to �nd intermediate velocity will include body force calculated

on the previous time step:

au
PuP + å

N
au

NuN = � Ñp+ Fm�
i (2.60)

then letH(u) = � å N au
NuN and rewrite 2.60 as

au
PuP = H(u) � Ñp

uP = ( au
P)� 1 (H(u) � Ñp)

(2.61)

whereP is an index arbitrary velocity node,N is an index from neighbouring cells,Fm�
i - is

immersed boundary forcing term. We also need to solve the phase convection equation at

this step.
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step 2: Correction step, Compute �ux on a cell faces using Rhie-Chow [67] correction

f =
H(u)

au
P

� Sf (2.62)

whereSf is area of a cell face. From 2.60 to satisfy continuity equationÑ � u = 0

(au
P)� 1 � Ñ2p� = Ñ� f (2.63)

then correct the velocity �eld:

u� = ( au
P)� 1(H(u) � Ñp� + Fm�

i ) (2.64)

whereu� andp� , an intermediate velocity and a pressure.
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Figure 2.9: Schematic diagram for CFD-DEM algorithm.

Finally, this forcing term is corrected using the difference between the current velocity

and the prescribed one within the immersed body

Fm��

i = F m�

i +
rb i

Dt

�
u ib;i � u m��

i

�
(2.65)

Then repeat step 2 until it converges or depends on how many correction steps we choose

to run after writing down new velocity and pressure �eldsum+ 1 andpm+ 1 for the next step
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m+ 1. Schematically, the algorithm is shown in Figure 2.9.

2.7 Conclusion

This chapter provided the �nal algorithm for coupling solid bodies and �uid parts. For the

�uid part, we used the sharp interface VOF method - isoAdvector[2]. For simulation, the

solid part Hertz particle-particle contact model is considered. We also provided examples of

multispherical solid bodies proposed to be used in the algorithm as approximations of solid

rocks for landslide simulation. As a �nal step, the whole coupling algorithm based on the

PISO approach of pressure-velocity correction.
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Chapter 3: Computational Methods

3.1 Software: OpenFOAM and LIGGGHTS

An implementation of the method derived in Chapter 2 based on OpenFOAM® [47] open-

source programming library which includes Finite Volume Method (FVM) solvers using

its tools and data structures. A solver is made up of two main parts: a main structure and a

number of extensions or tools. The main structure solves the governing equations, while the

other part could be used for speci�c tasks like mesh decomposition, re�nement, or methods

for the solution of a �nal system of equations. The solver is 3D and could be run in parallel.

Another part of the method is solving and coupling with OpenFoam solid movement part

using the Discrete Element Method (DEM) with LIGGGHTS® package, which is coupled

with OpenFOAM through CFDEMcoupling [55]. LIGGGHTS® is based on LAMMPS

[56] a classical molecular dynamics simulator based on the time integration algorithm using

Verlet symplectic integrator [80]. The code is written in C++ and makes extensive use of

templates. This design approach enhances the framework's �exibility and extensibility,

enabling both users and developers to introduce custom algorithms, solvers, and utilities

without modifying the core architecture. One other bene�t of using LIGGGHTS® is that it

supports large-scale parallelism. Distributed-memory parallelism via MPI[57] with different

ways of spatial decomposition. This all gives the opportunity to run the whole simulation in

parallel on an HPC cluster and signi�cantly improve computational time.

3.2 Implementation: cfdemSolverInterFlowIB

We implemented and tested two solvers for this work:cfdemSolverInterFlowIB and

cfddemSolverMultisphereIB . The difference between them is in the approaches that

were used for free surface reconstruction. The �rst uses the isoAdector [2] algorithm,
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and the other one is based on the MULES [51] algorithm, discussed in the �rst chapter 1.

Initially, we incorporated the MULES algorithm for free surface reconstruction. It seemed

to work �ne and was numerically stable, when simulating with water and oil. But when

we started simulations with water and air, we observed numerical instabilities because of

free surface tension. Due to that, we decided to explore alternatives and incorporated the

isoAdvector solver, which gave numerically stable results with a converging scheme.

When introducing particles into a �uid �eld, their presence is accounted for by incor-

porating an external body force term in the momentum equation. This approach ensures

an appropriate representation of the impact of the particles on the �uid dynamics. Force

term added into discretized momentum equation. However, it is important also to consider

the reciprocal effect, speci�cally the hydrodynamic forces exerted on the particles by the

�uid. This interaction is a result of the coupled nature of the particle-�uid interaction. The

in�uence of the �uid �ow on the particles is determined by two factors: the hydrodynamic

drag force and the viscous stress from the �uid. The hydrodynamic drag arises due to the

pressure across the particle, while the viscous stress is attributed to the �uid's viscosity.

These forces play a signi�cant role in determining the particle's motion and behavior within

the �uid �eld.

The schematic description implementation ofcfdemSolverInterFlowIB is shown in

Figure 3.1 below.

• First, we need to initialize and decompose CFD mesh; after this, we initialize two

phases, marking each cell of CFD in the range[0;1] based on IsoAdvector method

[2].

• After initialization of CFD, we initialize the DEM part by determining the positions,

velocity, and radius of each particle in the domain.

• Then we send data to CFD mesh identifying cells occupied with solid bodies and save

these cells as avoidFraction�eld.
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Figure 3.1: Schematic description of resolved CFD-DEM solver.

• Then we start the PISO loop. First, solve the momentum equation based on the

velocity �uid �eld from the previous step with two phases andvoidFraction�eld also

from the previous step or based on initial conditions.

• In the PISO loop, we are also calculating the hydrodynamic forces acting on the

particles withforceModel, and then the data is sent to the DEM part
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• The last step is pressure and velocity correction, �nishing the PISO loop and moving

on to the next step.

The step of force calculation is the most important part of the simulation. For this process,

we need to determine the interaction between the �uid and particles, which is calculated

in the CFD part of the solver and calledforceModel. It is responsible for computing

the �uid-particle interaction force, considering various physical phenomena, and relaying

this information to the DEM module to update particle data. It is crucial to incorporate

the corresponding physics into theforceModelimplementation in dealing with different

physical interactions. These models encompass a range of interactions, including viscous

and pressure drag forces exerted on the particle by the �ow and lift forces arising from

density differences between the particle and the �uid.

Figure 3.2: Schematic description of how the force model is implemented in CFD-DEM
solver.

Schematically, the process of the force calculation is presented in Figure 3.2. Force for

current solverforceModelis calculated in functionIBpressureForce::setForce() . A

detailed derivation of particle �uid interaction force was presented in the previous chapter.
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3.3 Parallel Computations

For large problems, such as those found in industrial applications, calculations on a single

processor would need to be faster. Both OpenFOAM® and LIGGGHTS® can run in parallel

using MPI, but some adjustments are needed for a parallel coupled computation. Originally,

force calculations and particle locations were based only on information about the center

of the body. This calculation led to inaccurate results when the object crossed a processor

boundary and should have been located on two processors simultaneously.

In other words, for large problems, running OpenFOAM and LIGGGHTS® in parallel

on multiple processors is necessary. However, the challenge arises when particles move

between interfaces of subdomains assigned to different processors, leading to potential errors.

Such movement can induce velocity oscillations due to inconsistent force calculations as

particles move from one processor's domain to another. This issue must be carefully

considered during the mesh decomposition phase to ensure that the domain is divided in a

manner that minimizes these inaccuracies. In our experience, we encountered a challenge

with velocity measurements in a straightforward scenario involving a falling sphere with an

unexpected spike in velocity. Upon investigation, it became clear that the issue stemmed

from the sphere's position during mesh decomposition.

The problem arose from the object's precise placement at the intersection of four domains,

as illustrated in Figure 3.3. This optimal positioning was identi�ed as the primary cause of

the velocity spike. To resolve this issue, we adjusted the mesh to eliminate such intersections.

Following this modi�cation, the results stabilized and exhibited better agreement with

previously published data, validating the reliability of our simulations. However, such

behavior of the solver could be a bug in the proposed code, which could considered in future

works/ While this adjustment may in�uence the movements of individual clumps, the overall

effect on the domain is expected to be minimal due to the averaging of different clump

shapes within the mixture.
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(a) (b)

(c)

Figure 3.3: Mesh decomposition a) 9 domains b) 12 domains c) zoomed mesh decomposition
for 12 domains, where the sphere intersected by two domains.
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3.4 Multispherical bodies settings

It took a while to set up multispherical bodies in the computational case. There are a lot

of tutorials and material on how to use OpenFOAM solvers, how to create them, and how

to solve governing equations. However, this is not the case for the LIGGGHTS code. To

clarify how to run the example with multispherical bodies, we provide a listing of the code

with the main details.

Listing 3.1: LIGGGHTS Script

1 # Mult isphere

2

3 atom_style sphere

4 atom_modify map array sort 0 0

5 boundary m m m

6 newton off

7 communicate single vel yes

8 processors 2 3 2

9 units si

10 region reg block 0.0 4.0 0.0 3.0 0. 4.0 units box

11 create_box 1 reg

12 neighbor 0.004 bin

13 neigh_modify delay 0

14

15 # Material propert ies required for new pair styles

16 fix m1 all property / global youngsModulus peratomtype 1. e7

17 fix m2 all property / global poissonsRatio peratomtype 0.45

18 fix m3 all property / global coeff ic ientRest i tut ion

peratomtypepair 1 0.3

19 fix m4 all property / global coeff ic ientFr ict ion
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peratomtypepair 1 0.5

20 fix m5 all property / global character ist icVeloci ty scalar

2.

21

22 #New pair style

23 pair_style gran model hertz tangential history # Hertzian

without cohesion

24 pair_coeff * *

25 t imestep 0.00005

26 fix gravi all gravity 9.81 vector 0.0 0.0 -1.0

27 fix zwalls all wall / gran model hertz tangential history

primit ive type 1 zplane 0.0

28 # cfd coupl ing

29 fix cfd all couple / cfd couple_every 10 mpi

30 fix cfd2 all couple / cfd / force

31

32 # distr ibut ions for insert ion

33 fix pts1 all part ic letemplate / mult isphere 15485863 atom_type

1 density constant 2500 nspheres 18 ntry 1000000 spheres

fi le ../ DEM/data / stone_small . mult isphere scale 0.002 type 1

34 fix pdd1 all part ic ledistr ibut ion / discrete 1. 1 pts1 1.0

35 # region and insert ion

36 region bc block 0.2 0.4 0.0 0.2 0.0 0.3 units box

37 fix ins all insert / pack seed 100001 distr ibut iontemplate

pdd1 vel constant 0. 0. -1. &

38 insert_every once overlapcheck yes region bc ntry_mc 10000

volumefract ion_region 0.4

39 # integrator for mult isphere rigid bodies

40 fix integr all mult isphere
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41 # output sett ings , include total thermal energy

42 compute 1 all erotate / sphere

43 fix ts all check / t imestep /gran 1000 0.1 0.1

44 thermo_style custom step atoms ke c_1 f_ts [1] f_ts [2] vol

45 thermo 1000

46 thermo_modify lost ignore norm no

47 compute_modify thermo_temp dynamic yes

48 # insert the first part ic les so that dump is not empty

49 dump dmp all custom 100 ../ DEM/post / dump .data *. vtk

id type x y z vx vy vz fx fy fz omegax omegay omegaz radius

50

51 # insert part ic les

52 run 1

The �rst parameter that we need to adjust, after the number of processors for parallel

execution in line 8, is in line 12, theregion

region reg block 0.0 4.0 0.0 3.0 0.0 4.0 units box

It should have the same dimensions as the CFD mesh. The presented example for the region

used block with dimensions4� 3� 4 for x, y, andzcoordinates correspondingly. It could

be set up in different shapes: cone, prism, or cylinder. More options in documentation

LIGGGHTS. Then, in line 12 :

neighbor 0.004 bin

Neighbor lists store pairs of atoms that are potential interaction candidates. Each atom

pair within a certain cutoff distance is included in this list.bin style is ef�cient and scales

linearly with N/P. It's suitable for most cases, and 0.004 is an additional length added to the

interaction cutoff distance between particles. Line 33

fix pts1 all particletemplate/multisphere 15485863
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atom_type 1 density constant 2500 nspheres 18 ntry 1000000

spheres file ../DEM/data/stone_small.multisphere scale 0.002 type 1

responsible for multispherical body upload and insertion, wherentry is the number of

attempts made in the process of randomly positioning or orienting particles within the

simulation space, utilizing a Monte Carlo technique. Another important parameter isscale

depends of that we can regulate the size of the clump and the amount of inserted particles

correspondingly.

Line 36 is responsible for the area where multispherical bodies will be inserted. The

same as the computational area could be set up.

region bc block 0.2 0.4 0.0 0.2 0.0 0.3 units box

Code in lines 37-38,

fix ins all insert/pack seed 100001 distributiontemplate pdd1

vel constant 0. 0. -1. & insert_every once overlapcheck yes region

bc ntry_mc 10000 volumefraction_region 0.4

keyword volumefraction_region , is used to de�ne a target volume fraction for the

insertion of particles in a speci�ed region. The volume fraction is a ratio that describes how

much of the region's volume is occupied by particles. It's calculated as the total volume of

inserted particles divided by the total volume of the region. This parameter modi�es how

many particles will be inserted in the particle region.

In line 50, the command

dump dmp all custom 100

means how often output will be saved, where the format data output. We described the main

important parameters that could be adjusted for different types of calculations. More details

can be found in the LIGGGHTS documentation.
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3.4.1 Computational ef�ciency

The algorithm presented in the Fig 3.1 is not straightforward. We need to pass data back

and forth from one system to another. Thanks to API incorporated by a CFDEMcoupling

developers team, there was no need to develop this part. API works as follows:

• Set up an equation that needed to be solved on the �uid side in OpenFOAM.

• Create a force model with CFDEMcoupling, calculate how solid body affects �uid.

• Set up LIGGGHTS® code, receive data from OpenFOAM® through CFDEMcoupling

force model, calculate the solid body motion.

The software combination takes a lot of resources, API is done using MPI, and all

processes can be run parallel on the CPU. When we increase the domain size or number

of particles, the CPU time required for running the simulation rises due to an increase in

computational load.

The DEM calculations take� 1/8 of all computational time. The VOF part takes 1/4, and

parallel communication takes around the same resources as the DEM part. About half of the

primary consumption comes from mapping the Lagrangian DEM data to an Eulerian �eld.

This step is critical for the immersed boundary method because the velocity of the solid

bodies is required to support a continuous forcing approach around the same computational

resources as DEM calculations needed for parallel communication. This computational load

shows that the mapping procedure could be improved in the feature works.

3.4.2 Conclusion

In this chapter, we provided information on how the main algorithm works and provided

information about the implementation of 3D parallel solvercfdemSolverInterFlowIB .

The force calculation is done with forceModel, which provides the interaction between �uid

and particles, considering various physical phenomena like viscous and pressure drag and
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lift forces due to density differences. This information is then sent to the DEM module to

update particle data, necessitating the inclusion of corresponding physics in the forceModel

implementation.

Discussed features of how better to run mesh decomposition for basic test cases and

how velocity could be affected due to the intersection of the body on the domain boundaries.

We also provided an example of an input �le for a multispherical body setup since it could

be a challenging task. In the end, we discussed the computational ef�ciency of every part

of the solver and that the majority of the computational resources come from mapping the

Lagrangian DEM data to an Eulerian �eld. In the next chapter, we provide validation and

veri�cation of the described in this chapter solver along with examples of simulation.
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Chapter 4: Results

4.1 Validation and Veri�cation

Validation and Veri�cation (V&V) are needed to ensure that our code works as we expect.

It is a necessary process in the �eld of computational simulations. They are essential for

ensuring the reliability and accuracy of the simulation model. Veri�cation is the process of

con�rming that a computational model accurately implements the intended mathematical

model or theory. It checks that the simulation does what it's supposed to do mathematically

and computationally. It involves code veri�cation (checking the code's or algorithm's

accuracy) and solution veri�cation (ensuring the solution is numerically accurate). Standard

practices include checking against analytical solutions, performing grid convergence studies,

and conducting code-to-code comparisons. Validation is the process of determining how

well a computational model represents the real world. It is about assessing the accuracy of

the simulation results in capturing the physical phenomena being modeled. This involves

comparing simulation results with experimental or real-world data. It can include sensitivity

analyses, uncertainty quanti�cation, and benchmark cases. The aim is to demonstrate that

the model can produce suf�ciently accurate results for its intended application, ensuring the

model's credibility in representing physical reality.

For complex simulations, such as turbulent �ows or multi-physics problems, V&V can

be challenging due to the complexity of the phenomena and the need for exact analytical

solutions.

We conducted three experiments to con�rm that the implemented solver operates as

expected:

• A falling sphere example, 1 phase. Experiment with one phase and one solid body;

in our case, it is a sphere.
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• A bouncing sphere example, water-air. Experiment with two phases and one solid

body. The density of the body is smaller than one of the phases, which makes the

body bounce and not sink.

• A falling multi-spherical body . This will show that a multispherical body in the

shape of a sphere acts the same way as a simple sphere.

4.1.1 A falling sphere example, 1 phase

To initially validate the created numerical model of a single falling sphere, we conducted a

comparative study between our one-phase falling sphere simulation and the results presented

by Nan et al. (2023) [9]. In their work, Nan et al. (2023) [9] compared the numerical results

of the drag coef�cient simulation for different Reynolds numbers with experimental data.

We utilized the same �uid and particle parameters in our simulation, as provided in Table 4.1.

Figure 4.1 showcases the results obtained using the currentcfdemSolverInterFlowIB

solver, alongside the simulation results from Nan et al. (2023) [9]. A comparison of the

velocity �elds reveals that the �uid �eld around both particles is nearly identical. However,

a visual comparison alone is insuf�cient for validation. Therefore, we also compared the

velocity values and trajectory changes in thez-direction. The results of this comparison are

presented in Figure 4.2.

Table 4.1: Simulation Parameters

Simulation Part Physical Parameters (units) Value

Particle Density (kg/m3) 1200

Diameter (cm) 0.167

Initial height (cm) 3.5

Fluid Density (kg/m3) 1000

Viscosity (m2/s) 1e� 6
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Figure 4.1: Velocity magnitude for falling sphere simulation in 1 phase �uid from the
CFD-DEM simulation.

More details are shown in Figure 4.2. The graph illustrates the trajectory and velocity

comparison of a falling sphere in a one-phase �uid within our CFD-DEM simulation solver

against the results published by Nan et al. (2023) [9]. Both datasets present the time

evolution of the sphere'sz-direction movement and corresponding velocity. The plots are in

good agreement with our simulation data (indicated by the orange dots) and the benchmark

results from Nan et al. (2023)[9] (represented by the solid black line) across the entirety of

the simulated time-frame from 0 to 0.3 sec. This consistency in both position and velocity

pro�les supports our solvers' ability to accurately capture particle motion dynamics within a

�uid. The variations observed are within acceptable ranges. The difference in the velocity

�eld from 0 to 0.1 second may be attributed to the inherent discretization differences between

the two simulation approaches. The difference between maximum velocities is6%, which

could stem from the nature of 3D simulation and because the observed order of convergence

is 1. Despite that, we use the second-order method for CFD and DEM parts, and the mapping

algorithm is �rst-order, which lowers the overall order of convergence.

The obtained data underscores the reliability of our CFD-DEM simulation and captures
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the essential physics of particle-�uid interaction.

Figure 4.2: Falling sphere in 1 phase �uid 1) velocity of the particle 2) comparison in
z-direction
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4.1.2 Grid convergence analysis.

According to Roache's de�nition of code veri�cation [81], it means con�rming the ability

to solve the set of governing equations accurately. A main strategy for verifying the code

is to conduct a grid convergence study, which involves executing multiple simulations on

successive �ner grids. The discretization error is expected to approach zero asymptotically

as the grid is re�ned. The central point of interest in this context is the approximation

order derived from the numerical method. For instance, if a second-order accurate method

is used, we anticipate observing second-order convergence. However, in most cases, the

second-order accuracy from spatial discretization can not be reached for two-way coupling

problems, as stated in the paper Taira et al. (2007)[82].

Because we do not know the exact solution for the falling sphere simulation, we could

apply Richardson extrapolation, which would be the best possible solution veri�cation to

measure discretization error.

The basic concept of Richardson extrapolation was introduced in his work Richard-

son (1911) [83]. If the formal rate of convergence of a discretization method with mesh

re�nement is unknown, but discrete solutions on two systematically re�ned meshes are avail-

able, then this information could be used to estimate the exact solution of a mathematical

model. It could be used either to correct the �ne mesh solution or to provide a discretization

error estimate for it. Although Richardson initially developed the extrapolation approach

for locally approximating the dependent variables within the mathematical model's domain,

it can be conveniently extended to estimate any system response quantity. However, this

extension comes with an additional prerequisite – the numerical approximations (such as

integration, differentiation, etc.) employed to calculate the system response quantity must

possess at least the same order of accuracy as the underlying discrete solutions.

The process of generalized Richardson extrapolation is described in a book by Oberkampf

et al. [84]. The generalized Richardsonf̄ could be found as:
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f̄ = fh +
fh � frh
r p � 1

(4.1)

whereh is representative coarse mesh size andrh is �ne mesh. fh and frh numerical solutions

with mesh spacingrh, p is the order of convergence. The grid re�nement factorr is the ratio

of the coarse to �ne grid spacing calculated as:

r =
hcoarse

h�ne
> 1 (4.2)

Figure 4.3: The velocity relative error obtained for the problem of a 3D falling sphere with
CFDEMcoupling, for implemented solver with introduced a coupling force model.

By applying Richardson extrapolation, we found that the relative error for the �nest

mesh used in our simulations is on the order of magnitude10� 6. In engineering applications,

the acceptable level of error is often determined by engineering judgment, considering

factors such as the problem's complexity, the intended use of the solution, and the potential
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consequences of inaccuracies. Based on our understanding of the problem and the require-

ments for the solution, we have determined that a relative error of10� 6 is satisfactory for

our purposes.

Further insights from a grid-convergence study reveal an improvement in scheme ac-

curacy with an increased cell count, underscoring the importance of grid re�nement in

simulation accuracy. The �ndings suggest that careful consideration of the exchange time

step frequency and grid resolution is important for optimizing solver performance and

ensuring the reliability of the simulation results.

The implemented algorithm has different communication times as part of a two-way

coupling process. For example, we would do ten iterations of the DEM algorithm and then

send the force and positions of particles to CFD. It could be useful to save computational

resources. The common practice is to set up communication between DEM and CFD

solutions every5th or10th computational step, which means that the time-step for the DEM

part 10 time would be smaller than for the OpenFOAM solver.

To better understand how these parameters could affect the computations, we com-

pleted an analysis running a falling sphere simulation for different settings of different

communication times of coupled parts. Results are provided in Figure 4.4 below.

Figure 4.4 shows the data for the problem of a 3D falling sphere with CFDEMcoupling.

It is implemented as a solver for the coupling DEM and CFD part incorporating the force

model. Which means how we exchange and apply forces to each part of the simulation.

On Figure 4.4ts is the time step for data exchange. CFD and DEM solvers communicate

every 10th, 8th, 6th, 4th, 2nd, and each computational step correspondingly. Figure 4.4

shows that different exchange steps affect the sphere's velocity and position, highlighting

the critical role of exchange time step frequency in the numerical stability of the coupled

scheme. Notably, a discrepancy in velocity is observed when comparing exchange steps1

and2. The velocity results that we got for exchange time1 are similar to velocity from the

work of Nan et al. (2023)[9], while velocity for other exchange time steps is signi�cantly
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Figure 4.4: Different settings for communication between CFD and DEM parts for every 10,
8, 6, 4, 2, 1 exchange time stepts 1) velocity component 2) change in z-direction .
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overestimated.

Figure 4.5: Different setting forDt 1) velocity component 2) change in z-direction.

Another simulation done where there were computations of 3D falling spheres for the

different time steps. Results forDt = 0:00001, 0:00005and0:0005are shown on Figure

4.5. For this experiment, we used a mesh with 192000 computational cells.
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Figure 4.6: A different setting forDx: 1) velocity component 2) change in the z-direction.

As we can see from the results for the velocity change,Dt = 0:0005oscillates, but for

Dt = 0:00001and0:00005oscillations insigni�cant; however, there is an overestimation

in velocity for Dt = 0:00005. For the smallest time stepDt = 0:00001, we see that the
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maximum velocity value is close to0:6 m/s, which corresponds to results provided in

Figure 4.2. Then, we run experiments for different numbers of computational cells.

To calculate the spatial error, we run the simulation with re�nement factor1:5 for

different numbers of computational cells, parameters of the meshes provided in Table 4.2:

Table 4.2: Mesh Parameters for calculation spatial error.

Name Cell number dimensionsx� y� z

Mesh 1 24000 20 20 60

Mesh 2 81000 30 30 90

Mesh 3 192000 40 40 120

Mesh 4 648000 60 60 180

Mesh 5 1536000 80 80 240

In Figure 4.6, we observe the simulation results that correlate with the number of

computational cells used in the mesh. The results of the coarser meshes with 24000 and

192000 cells exhibit oscillations, as evidenced by the overestimation in the velocity data

and position of the change inz-direction underestimates. For 192000 cells, results are

close to the experiment Nan et al. (2023) [9], but we still can observe oscillations in the

velocity results. Conversely, the mesh with 81,000 cells yields more stable outcomes, yet

there remains a notable deviation from the results obtained with higher-resolution meshes,

indicating potential inaccuracies. This difference could be a consequence of the mapping

algorithm used for calculations, as discussed in the work by Nan et al. (2023) [9], because

they also observed oscillations in results.

As the mesh is re�ned from coarser resolutions to 648,000 and 1,536,000 cells, the

simulation results exhibit improved accuracy and a trend toward convergence. The close

agreement in9% between the solutions obtained on these two higher-resolution meshes

suggests that the numerical solution is approaching an asymptotic state, where further mesh
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re�nement would not signi�cantly alter the results, especially for an observed order of con-

vergence of 1. Conducting simulations with an excessively large number of computational

cells may be impractical because the simulation of over a million computational cells takes

more than 24 hours. Increasing the cell count beyond a certain threshold will likely yield

diminishing returns in terms of accuracy while signi�cantly increasing the computational

resources and time required. This asymptotic behavior, known as a mesh-independent

solution, is an indicator of numerical convergence.

Numerical convergence is a critical aspect of CFD simulations, as it demonstrates that the

discretized equations and numerical methods employed in the solver are capable of accurately

representing the underlying governing equations and physics of the problem. When a mesh-

independent solution is achieved, it implies that the numerical errors introduced by the

discretization process have been minimized to an acceptable level, and the solution can be

considered a reliable approximation of the true, continuum solution.

The observation that discrepancies in the solutions are more pronounced on coarser

meshes, while the higher-resolution meshes exhibit close agreement, suggests that the mesh

resolution plays a crucial role in capturing the �ow features accurately. This behavior may

result from the interaction between the mesh resolution and the mapping algorithm used to

discretize the governing equations onto the computational CFD mesh.

4.2 The two-phase experiments.

In a subsequent validation phase, we run two experiments. One is a sphere falling into the

water and bouncing on the free surface, where results are compared with the work of Pathak

et al. (2016) [5]. We test this experiment to compare and see that simulation is converging

and gives similar results as in the work Pathak et al. (2016) [5], which is compared with

the physical experiment. The second simulation extended, including a multi-spherical body

that consists of 2 spheres. This experiment assessed the solver's capability to interact with

the free surface with complex particle shapes while maintaining the same �uid and particle

80



parameters outlined in Table 4.4.

Table 4.3: Simulation Parameters

Simulation Part Physical Parameters (units) Value

Particle Density (kg/m3) 500

Diameter (cm) 0:252

Initial height (cm) 1:0252

Fluid Density (kg/m3) 1000

Viscosity (m2/s) 1e� 6

Air Density (kg/m3) 1e� 5

Viscosity (m2/s) 1e� 6

Figures 4.8 and 4.9 present the simulation outcomes for a sphere from the published

work Pathak et al. (2016) [5] and our solver, respectively. Results show good agreement,

for the maximum velocity the difference is less than 6% and for the average velocity the

difference is around 25%. For a more quantitative insight, Figure 4.7 displays the trajectory

in thez-direction of the falling sphere.

4.2.1 A bouncing sphere example, water-air

The initial experiment comes from the work Beck et al. (1897) [6] where they use the tank

parameters: length: 109.7 m, width 6.7 m, depth 3.2 m. The sphere radiusr = 0:254m,

heightz= r=10 above the free surface. The sphere density is 500 kg/m.

First, we tried to make a regular mesh similar to the work of Pathak et al. (2016) [5]

work. For the domain size from Pathak etc.[5] we followed formula:

(length� height� width) � r �CPR; (4.3)
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where CPR - cell per radius of the sphere. To save computational resources for tank

size of 13� 6:7 � 3:4 � 17 M cells with CPR= 10 � 8 M cells for tank5 � 5 � 5,

CPR= 10 � 2:7 M cells for tank5� 5� 5 with mesh re�nement to the center, CPR= 10

The CPR= 10mesh resolution results of the simulation are shown in Figure 4.7. Where

by the red line represents results with the current solver, the black line shows results from

Pathak et al. (2016) [5], and the blue line results from the physical experiment Beck and

Liapis (1987)[6].

Figure 4.7: Bouncing sphere simulation for two-phase �uid from the CFD-DEM simulation.
The red line is the results with the current solver; the black line is the results from Pathak
et al. (2016) [5], the blue line is the results from the physical experiment by Beck and
Liapis (1987) [6].

The main parameters are shown in Table 4.3. Given the complexity of the two-phase

falling sphere simulation, increasing the number of computational cells beyond a certain

point may not be the most ef�cient approach. Average velocity differs by25% and maximum

velocity 5%. This difference can be attributed to the inherent complexity of 3D simulations

and the observed �rst-order convergence of the overall method. Although second-order
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methods are employed for both the CFD and DEM components of the simulation, the

mapping algorithm connecting these two parts is �rst-order accurate. Consequently, the

overall order of convergence is reduced, leading to the observed variation in maximum

velocities. Despite this difference, the 5% discrepancy in maximum velocities is considered

acceptable within the context of the simulation's objectives and the limitations imposed by

the coupling algorithm. In future work, the development of higher-order mapping algorithms

could be explored to improve the overall order of convergence and further reduce the

differences in maximum velocities.

Our current computational resources would require more than 24 hours to complete the

simulation with a signi�cantly higher cell count. While �ner mesh resolutions can improve

accuracy, the substantial increase in computational time might not justify the marginal gains

in precision. Finding a balance between simulation accuracy and computational feasibility

is important to ensure that we can obtain reliable results within a reasonable time-frame

while also being mindful of the ef�cient utilization of our computational resources. The

current simulation setup provides valuable insights into the system's behavior and serves as

a foundation for further re�nement and analysis.

Figure 4.8 provides a series of time-step snapshots from a CFD-DEM simulation of a

sphere interacting with a two-phase �uid, where dark blue is a liquid with the density of

water and light blue is a liquid with the density of the air.

• Initial Contact (a - 0.1 sec): The sphere is shown just above the �uid interface,

moving under gravity force in the direction of the water

• Entry and Deformation (b - 0.2 sec):As the sphere impacts the �uid surface, we see

the beginning of deformation at the �uid interface, indicating the sphere's entry into

the water. The �uid is distorted in response to the sphere's presence, which illustrates

the initial splash or the beginning of the sphere's submersion.

• Submersion and Displacement (c - 0.4 sec):The sphere is now submerged, and
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we can observe the water deforming signi�cantly around the sphere, due to water

displacement as the sphere moves downward. The scheme is converging even under

signi�cant changes in free surface.

• Maximum Penetration (d - 0.7 sec):This image might represent the sphere at or

near its maximum depth, given the substantial �uid displacement.

• Upward Motion (e - 0.9 sec):The sphere is moving upward, indicating that it is

buoyant as indicated by the changing �ow patterns and the 'tail' of disturbed �uid

below it.

• Surface Re-contact (f - 1.2 sec):The sphere has ascended back to the �uid interface,

and we can see the water's surface is deformed as the sphere pushes up against it,

about to break through the surface again.

This simulation is essential to test the numerical accuracy of the algorithm for surface

tension calculation of the numerical scheme, and experiments con�rm its validity. By

comparing the simulation results with experimental data, we can assess the ability of

the numerical scheme to accurately capture the complex dynamics of surface tension in

multiphase �ows. The agreement between the simulated and experimental results provides

con�dence in the overall reliability of the numerical model. Furthermore, this validation

process helps identify potential limitations and areas for improvement in the numerical

scheme, enabling us to re�ne and optimize the model for more accurate and ef�cient

simulations of surface tension-driven phenomena in various applications.

84



(a) 0.1 sec (b) 0.2 sec

(c) 0.4 sec (d) 0.7 sec

(e) 0.9 sec (f) 1.2 sec

Figure 4.8: Visualization of sphere bouncing in two-phase �uid from CFD-DEM simulation.
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