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Abstract 

In the paper industry the length and the shape of fibres are, among others, crucial for the 

quality of the final product. To be able to meet the high standards of paper products, the 

ability to separate unwanted fines from the pulp is of high importance. Furthermore, a 

fractionation of pulp into multiple classes, with different mean fibre lengths, would open the 

door for new, or improved fibre-based products, and more efficient processes. Unfortunately, 

already established separation or fractionation processes are often energy consuming, and/or 

require the addition of chemicals. Thus, the development of a new energy efficient and 

chemical-free concept to separate fines from fibre suspensions is desirable. 

This thesis investigates, via computer simulation, the question whether so-called 

hydrodynamic fractionation devices are a feasible alternative for fibre fractionation. 

Therefore, fibre motion in a straight channel flow, the hydrodynamic fractionation of fibres at 

a T-junction, as well as the generation of fibre flocks are studied via detailed Euler-Lagrange 

simulations. Optimal parameters for an effective separation of fines (i.e., particles with a 

length smaller than 1mm) from a dilute pulp suspension are identified for the T-junction 

geometry. Furthermore, fibre flocks with a consistency up to 1%, with and without 

preferential fibre orientation were generated. These fibre flocks are now available for future 

simulations that may study the effect of fibre network formation on the separation efficiency. 

  



Kurzfassung 

In der Papierindustrie sind mitunter die Länge und Form der verwendeten Zellulose- und 

Holzstofffasern ausschlaggebend für die Qualität des Endproduktes. Um den immer 

vielfältigeren Anforderungen an die Papierprodukte gerecht zu werden, gilt es bereits die 

Zusammensetzung des Papierausgangsmaterials, zum Beispiel durch die Abtrennung von 

Feinstoffen, gezielt zu beeinflussen. Gegenwärtig etablierte Trennverfahren sind 

energieaufwändig und/oder verwenden Chemikalien, sodass die Entwicklung eines neuen 

energieeffizienteren, chemikalienfreien Konzeptes zur Abtrennung von Feinstoffen aus einer 

Fasersuspension erstrebenswert ist.  

In dieser Arbeit wird durch Computersimulationen die Fragestellung untersucht, ob 

hydrodynamische Fraktionierung von Fasersuspensionen als Trennverfahren von Feinstoffen 

in der Papierindustrie eine interessante Alternative darstellt. Hierfür wird das Verhalten von 

Fasern in einer Rohrströmung, sowie die hydrodynamische Fraktionierung von Fasern und die 

Bildung von Faserflocken mittels CFD-DEM Simulationen beleuchtet.  

Mit den verwendeten Modellen werden Parametersätze gefunden, welche das Abtrennen von 

Feinstoffen (d.h. Partikeln mit einer Länge <1mm) aus einer dünnen Suspension in Kanälen 

mit Abzweigern ermöglichen. Weiters können Faserflocken mit Konsistenzen bis zu 1%, mit 

zufälliger oder bevorzugter Faserausrichtung, hergestellt werden. Diese Flocken können in 

zukünftigen Simulationen zur Untersuchung des Einflusses von Netzwerkbildung auf die 

Trennwirkung eingesetzt werden. 
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dMinor short diameter of spheroid, spherocylinder m 

enPα unit vector normal to collision plane - 

Hhyd hydraulic diameter m 

Î momentum exchange due to a collision kg m s-1 

k spring stiffness - 

L angular momentum kg m² s-1 

Li line segment - 

L+ dimensionless height and width of the main channel's cross section  - 

Linlet
+ dimensionless length of the main channel's inlet section - 

Lside
+ dimensionless length of the side channel - 

Loutlet
+ dimensionless length of the main channel's outlet section - 

m1 m2 mass of particle 1 / 2 kg 

mA mB mass of fibre A / B kg 

MA1 center point of fibre A’s right half-sphere (spherocylinder) - 

p pressure kg m-1 s-2

P linear momentum kg m s-1 

Pi basis point of a line segment - 

Pstat,in static pressure at inlet of main channel Pa 

Pstat,out static pressure at outlet of main channel Pa 

Pα collision point of two fibres - 

Qϕ sources and sinks - 

Re Reynolds number - 

s half height/width of the main channel's cross section m 

SCW+ dimensionless side channel witdh - 

t Time s 

tc contact time, typical response time s 

U cross section circumference, characteristic fluid velocity m / m s-1 



Nomenclature  XIII 

ū spatially-averaged velocity m s-1 

<ū> time- and spatially averaged velocity m s-1 

<u> time-averaged velocity m s-1 

<ūinC> time- and spatially averaged velocity at inlet of main channel m s-1 

<ūoutC> time- and spatially averaged velocity at outlet of main channel m s-1 

<ūoutJ> time- and spatially averaged velocity at outlet of side channel m s-1 

uτ friction velocity m s-1 

vA1 initial (pre-collision) velocity of fibre A’s center of mass m s-1 

vA2 final (post-collision) velocity of fibre A’s center of mass m s-1 

vB1 initial (pre-collision) velocity of fibre B’s center of mass m s-1 

vB2 final (post-collision) velocity of fibre B’s center of mass m s-1 

vPA,1 velocities of the collision point on fibre A before collision m s-1 

vPA,2 velocities of the collision point on fibre A after collision m s-1 

vPB,1 velocities of the collision point on fibre B before collision m s-1 

vPB,2 velocities of the collision point on fibre B after collision m s-1 

y+ dimensionless wall distance - 

 

Greek Symbols 

α angle between main and side channel/angle between fibres’ center line  ° / rad 

γ0 viscous damping coefficient - 

Г diffusion coefficient - 

∆p+ dimensionless pressure difference between main and side outlet - 

ΔPloss pressure loss in main channel Pa 

ΔvA change of velocity of fibre A m s-1 

ΔvB change of velocity of fibre B m s-1 

ΔωA change of angular velocity of fibre A rad s-1 

ΔωB change of angular velocity of fibre B rad s-1 

ε coefficient of restitution - 

ζ loss coefficient - 

η0 rescaled viscous damping coefficient - 

θ  azimuthal angle ° /rad 

µ dynamic viscosity m² s-1 

ν kinematic viscosity kg m-1 s-1

ρ density kg m-3 

τw wall shear stress kg m-1 s-2



Nomenclature  XIV 

ϕ  consistency - 

Φ+ volumetric flow fraction - 

ϕ polar angle, characteristic fluid parameter ° /rad /- 

ω eigenfrequency of a contact s-1 

ωA1 initial (pre-collision) angular velocity of fibre A rad s-1 

ωA2 final (post- collision) angular velocity of fibre A rad s-1 

ωB1 initial (pre- collision) angular velocity of fibre B rad s-1 

ωB2 final (post collision) angular velocity of fibre B rad s-1 

 

Indices 

min minimum 

max maximum 

ave averaged 

c main channel  

cr critical 

p particles 

i fibre index (e.g., A, B) 

j side channel  

1 initial (pre-collision) value 

2 final (post-collision) value 

fluid fluid 

deform deformation 

tot total 
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1 Introduction 

1.1 The Importance of Process Virtualization 

In 2011 the term Industry 4.0 was officially used for the first time. Industry 4.0 stands for a 

new High-Tech strategy to make Smart Factories possible, and initiate the forth industrial 

revolution. The goal of this strategy is the intelligent network of machines, work pieces, 

systems and employees to raise the way of production to another level, where optimized 

products are produced in an optimized environment. The impact of Industry 4.0 is widely 

spread, e.g., it will improve machine safety, the industrial value chain, our socio-economics, 

and the conditions of work. In the sense of production it will be the next big step of 

optimization to efficiently produce individualized, high quality products with fewer resources 

in a shorter period of time. Industry 4.0 is based on six design principles: one of them is 

virtualization with which reality is virtually reproduced to administrate, organize and optimize 

processes in advance, in the present and in the future ([1], [2]).   

But not only existing processes, also new concepts and ideas can be virtually investigated by 

simulations for research and development purposes. Simulations offer a series of advantages 

over experiments. Simulations do not require a certain lab stand that needs to be built. Virtual 

experiments can be run in parallel, with multiple parameter settings which make simulations 

less time-consuming and less expensive. There is no human or environmental risk of carrying 

out experiments, even if hazardous conditions are studied. In simulations every detail can be 

looked at (theoretically), even in areas where in reality suitable measurement devices do not 

exist, or are expensive. Simulations can provide detailed insight into what is happing in a 

processes, and consequently help in the identification of correlations that describe a process 

[3]. Clearly, it can be expected that in the close future the dependency of simulations to be 

verified by experiments will disappear, leading to a fruitful symbiosis of simulation models 

and reality [4].  

Despite great advances have been made in the recent past with respect to process 

virtualization, there are scientific disciplines where detailed process modeling is still rarely 

done. One example for such a discipline is pulp and paper processing: due to the nature of 

fibre suspensions, i.e., the flexibility, size and shape of suspended fibres, significantly more 

rigorous simulation models are required compared to, e.g., fluid flow processes. These facts 

lead to significantly more sophisticated models, longer simulation times, and ultimately to a 

higher cost of modeling. Next, we detail on a relevant process in the pulp and paper industry, 
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i.e., fibre-fines separation, to illustrate challenges that arise when attempting to model such a 

process. 

1.2 Fibre-Fines Separation in the Pulp and Paper Industry 

Pulp, the feed material for paper, is a multicomponent suspension: it consists of fibres, i.e., 

elongated flexible particles with a length of > 200µm, and fines, i.e., comparably small 

particles with an aspect ratio close to one [5]. The properties of the pulp and the final paper 

product strongly depends on the concentration of fines in the pulp [6], e.g. fines increase the 

strength of the paper products [7], or lower the porosity of the paper. Depending on their size 

and shape, fines can satisfy structural functions such as filling gaps between long fibres [5], or 

increase the tensile strength, the density, and influence the optical properties [8].  

To provide the optimal paper for a certain application, the fines concentration needs to be 

controlled. To realize this goal, a separation step for fibres and fines is needed. Commonly 

used equipment for fibre-fines separation in the pulp and paper industry are (i) pressure 

screens [9], [10],  (ii) specialized washing units (typically focusing on de-ashing, e.g., [11]) or 

(iii) flotation devices. Unfortunately, flotation is not a chemical-free method, and pressure 

screens require significant energy input [12]. De-ashing washing units have a similar design 

as a headbox of a paper machine, and hence typically consume significant space and energy 

during operation [11]. Thus, a separation device using little energy and no chemicals is 

preferable. Hydrodynamic fractionation, i.e., a separation process that relies on flow 

phenomena in small channels, seems to be a promising starting point for the development of 

such a device. 

1.3 Inertial Microfluidics 

Inertial microfluidics deal with flow phenomena in narrow channels that are characterized by 

small, but finite Reynolds number flow. A flow regime is characterized by the fluid Reynolds 

number which represents the ratio of inertial and viscous forces: Re = ρUH/μ [13]. In channel 

flow, for example, the critical Reynolds number is Recr = 2,300, indicating the starting point 

for the transition from laminar to turbulent flow [14]. In the early days of microfluidic 

systems it was common to incorrectly assume that for flow regimes with Re<<Recr, inertial 

effects can be neglected. However, recent investigations have clearly shown that fluid inertia 

is the reason for useful effects that can be exploited in, e.g., particle separation devices. Even 

in a laminar flow regime characterized by 1<Re<~100, effects due to the fluid’s inertia can be 
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observed, e.g., the effect of curved or bifurcated channels on the distribution of suspended 

particles [13]. 

In particle separation processes effects due to non-zero inertial forces, e.g., lift forces on 

particles forcing them to move perpendicular to the stream direction, can, if comprehended, 

be used to manipulate the flow of suspended particles [15]. Note, these inertial effects are 

fluid-related, and hence do not depend on the density difference between the fluid and the 

particles. Consequently, these effects can be utilized for the separation of particles that have a 

density close to that of the ambient fluid. Clearly, inertial microfluidics offers an interesting 

playground for fibre suspension separation, e.g., in hydrodynamic fractionation devices. 

1.4 Hydrodynamic Fractionation 

One way to use inertial effects for the separation of particles is hydrodynamic fractionation 

(HDF). In hydrodynamic fractionation devices there are no external forces or fields, i.e., it is a 

so-called passive separation. Only the fluid flow and the particle-interaction cause a 

separation of particles according to their shape and size [16]. There have been already some 

applications of HDF in the biomedical research field ([17], [18]), and in length-depending 

sorting processes of rod-like particles in the life sciences [19]. One well-investigated way to 

realize HDF for separating spherical particles according to their size is the usage of a series of 

T-junctions. A particle suspension flows through a main channel with multiple 

perpendicularly arranged side channels.  

 

Fig. 1: Principle of hydrodynamic fractionation at a T-junction consisting of a main and a perpendicular side channel. 
Particles are separated according to their size. Small particles leave the main channel through the side channel, large 

particles stay in the main channel [19]. 

While the suspension flows through the apparatus, a small amount of liquid is removed from 

the main channel through side channels. The removed liquid drags smaller particles with it, 

whereas larger particles stay in the main channel [16]. In Fig. 1 the principle of the separation 

process is shown. The dashed line represents the critical separation line. The liquid and the 

particles beneath this critical separation line are removed from the main channel through the 
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side channel. In contrast, the liquid and the particles with their center of mass above  the 

critical separation line stay in the main channel [19]. Although HDF has been applied to 

particle suspensions involving spherical and moderate aspect ratio particles, there is a gap of 

understanding with respect to the applicability of HDF to fibre suspension separation and 

fractionation. 

1.5 Goals 

This master’s thesis aims on contributing to the investigation of a new concept in fibre-fines 

separation using the principle of HDF. The main object is the understanding of the fibres’ 

behavior in channel flow, and the description of the mechanism behind the hydrodynamic 

fractionation of a fibre-fines suspension by means of simulations.  

The main steps in this thesis are: 

 investigation of the fluid flow near a T-junction 

 introduction of a stiff fibre model, accounting for fibre-wall and fibre-fibre 

interactions 

 generation and investigation of the behavior of a fibre flock 

 study of fibre behavior in a straight channel 

 investigation of the separation process of a dilute fibre suspension near a T-junction 

 determination of a parameter set that allows hydrodynamic fractionation of a fibre 
suspension
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2 State of the Art  

2.1 CFD Basics 

Computational Fluid Dynamics, short CFD, became a powerful tool to investigate fluid flow 

during the last three decades. Nowadays, a variety of CFD models are available to predict 

real-world fluid flow at different levels of fidelity, e.g. DNS, LES, or RANS [20]. By using a 

DNS (short for Direct Numerical Simulation), the fluid flow is fully resolved and no 

additional modeling (except that inherent to the Navier-Stokes equations) is applied. Thus, the 

Navier-Stokes equations are directly solved, which provides the highest level of insight to 

fluid flow behavior, e.g. in different geometries [21]. A well-established tool for DNS 

simulations in scientific research is the open source software package OpenFOAM®. The 

suitability of the schemes available in OpenFOAM® for DNS is good, although limited to a 

2nd order accuracy [22]. 

For the investigation of fluid flow behavior, the flow regime is one of the most important 

factors. The flow regime in a channel depends on the Reynolds number Re. If the Reynolds 

number exceeds the critical Reynolds number Recr ≈ 2,300, the flow regime transitions from 

laminar flow to turbulent flow [14]. The flow regime is not only influenced by the Reynolds 

number: another crucial factor is the flow profile at the inlet, since the inlet conditions can 

have a significant impact on the fluid behavior throughout the whole simulation domain. 

Unfortunately, the treatment of the inlet condition is quite challenging, especially for non-

laminar flows [23]. Hence possible inlet profile procedures are described next.   

2.1.1 Inlet Conditions 

For laminar inlet profiles, often an analytical solution for fully developed flow is used. For 

example, the setInletVelocity tool [24] in OpenFOAM® can be used for this purpose. A 

transient inlet profile to model turbulent fluctuations can be realized by mapping back the 

flow in certain region to the inlet. The goal of such a mapping procedure is to find a simple 

way to describe the inlet conditions of a transient flow so that it looks as if it is turbulent [23].  

Tabor and Ahmadi [23] compared different approaches for simulating such inlet conditions in 

the context of large eddy simulations. They distinguished between (i) synthesis methods and 

(ii) precursor simulations (e.g. internal mapping). Synthesis methods model the inlet condition 

of the flow, while precursor simulations are real simulations of the inlet condition running 

separate, before, or simultaneously to the actual simulation case. Based on this it was found 



State of the Art  6 

that the best approach would be an internal mapping method: in this method the flow 

parameters in a source plane downstream of the inlet are sampled, corrected (e.g., umean = 1 is 

enforced), and finally mapped back to the inlet  [25]. The method is simple, and has been 

successfully applied to square and circular cross section channels. According to Tabor and 

Ahmadi [23] there was no evidence for problems in the mapped section due to the usage of 

this method. Note, internal mapping is a simple technique which is already implemented in 

OpenFOAM® (see the “pitzDaily” tutorial case), and can therefore be used “out of the box” 

with no further modifications. 

2.2 DEM Basics 

The term DEM (short for Discrete Element Method) is used to describe a tool that is used to 

determine the translational and rotational motion of many particles in a dense granular system 

by solving Newton’s equation of motion. Often, DEM is specifically used for a simulation 

tool that uses spring/dashpot/slider models to account for inter-particle contact forces, i.e., 

DEM is a so-called “soft-sphere” method. The forces appearing in the model are frequently 

determined by a highly appreciated, linear spring-dashpot force model [26]. Until now the 

focus in DEM research was mainly on spherical particles. Only in recent times the interest for 

simulating non-spherical particles increased. This is primarily because of the wide variety of 

different fields of application of the DEM, as well the observed different properties of 

granular matter consisting of spherical and non-spherical particles [27]. 

2.2.1 Non-spherical Particles  

It is now well accepted that the behavior of particles in granular systems is strongly affected 

by their shape. Unfortunately, the knowledge gained from systems consisting of rigid, 

spherical particles cannot be directly extrapolated onto systems involving rigid non-spherical 

particles. Hence, the particle shape must be taken into account, which leads to a higher 

complexity of the simulation model. For example, for non-spherical particles the orientation is 

fundamental. Apart from the translational and rotational motion, contact possibilities must be 

described and the orientation needs to be updated frequently in the simulation. To still be 

comfortable with detecting particle-wall and particle-particle contacts for more complex non-

spherical geometries, the method of spherosimplicies is recommended. Spherosimplicies are a 

tool to describe a complex geometry by a skeleton of multiple combined geometric elements, 

e.g., a set of lines [28]. In case spherosimplicies are adopted for the representation of a rigid 

fibre (assumed to be a spherocylindric object), only a line segment skeleton for each fibre 
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needs to be tracked. Each line segment, represented by a point and a direction/shape vector, 

can be used to determine collisions with walls, and/or other particles [29]. For a particle-wall 

interaction, the contact point is detected by a line-triangle approach. In case of a particle-

particle interaction, the contact point is detected analogous by a line-line approach [30]. The 

collision can then be numerically resolved by using the well-established linear spring-

dashpot-slider modeling approach [26].  

As an addition to the linear spring-dashpot model (which only predicts a force for overlapping 

particles), Lindström [31] describes the usage of a roughness layer around the fibre. This 

roughness layer model is meant to simulate a transition region between a non-interaction 

situation and an overlap situation. Specifically, two approaching fibres (only interacting with 

each other within their roughness layer) experience a repulsive force, which in some cases can 

even prevent an overlap. This roughness layer model might be interpreted as the effect of 

fibrils located on the fibres’ surface [32].  

DEM is not necessarily limited to rigid particles: flexible fibres, built as a chain of linked 

segments, have been investigated in the last two decades [33]–[35]. The linked segments 

making up a flexible fibre particle require the solution of a set of additional equations, thus 

requiring more computational power, or the investigation of smaller systems.  

2.3 Coupling 

The particles motion in a dry DEM simulation is influenced by contacts between the particles, 

and particles with the surrounding walls. In a two-phase (i.e., fluid-particle) CFD-DEM 

simulation the particles’ motion is also influenced by the surrounding fluid acting on the 

particle. Lindström [31] describes the hydrodynamic forces originating from the presence of 

the fluid depending on the particle Reynolds number Rep=ρUD/µ. For small Rep the 

hydrodynamic forces are dominated by viscous effects; for large Reynolds numbers (i.e., Rep 

>> 1) inertial effects are important. The equations used by Lindström [31] are built on the 

model developed by Cox [36]. The latter allows the conversion from a cylinder to a prolate 

spheroid, which has the same flow behavior in a shear flow. Note, in these hydrodynamic 

force equations, the force and the torque from the fluid acting on the particle are determined 

by using the velocity and angular velocity of the fluid and the particle at the same position. 

This position is the center of mass of the particle. This means that the shear rate gradient 

along the fibre is assumed to be small. Furthermore, Lindström [31] used a simplified 

simulation approach consisting only of a fluid-to-particle (i.e., one-way) coupling: the 

influence of the particles on the fluid was neglected. To reduce the inaccuracy of this 



State of the Art  8 

simplification, a lubrication force model has been used. This model quantifies the force that 

originates from the squeezing motion of the liquid between two approaching fibres. The 

lubrication force model hence slows down two approaching fibres, facilitating fibre-fibre 

agglomeration, and hence flock formation. 



Simulation Strategy  9 

3 Simulation Strategy  

3.1 Fluid Flow near a T-Junction 

3.1.1 T- Junction Geometry 

The T-junction geometry used in all of our hydrodynamic fractionation simulations consists 

of a main channel and a side channel (see Fig. 2). The length of the inlet Linlet
+, the side 

channel width SCW+, and the angle α between the main channel and the side channel may 

vary. The height and the width of the main channel, i.e., L+ = 1, as well as the side channel 

length, i.e., Lside
+= 6.0, and the main channel outlet length, i.e., Loutlet

+ = 6.0, are held constant 

in the present study. 

The fluid flow direction in the main channel is in the positive x+-direction, and in the side-

channel in the negative z+-direction. The fluid enters the T-junction at the inlet (inC) located at 

the left side of the main channel, and exits the T-junction either through (i) the main channel 

outlet (outC) on the right, or (ii) the side channel outlet (outJ) at the bottom. For the base case 

configuration (Linlet
+ = 20, Loutlet

+ = Lside
+ = 6, SCW+ = 1, α = 90°), the origin of the global 

coordinate system is located at the intersection of the center lines of the main and the side 

channel. Note, decreasing the side channel width SCW+ leads to an increase of the inlet length 

Linlet
+ such that the outlet length Loutlet

+ is kept constant. 

 

Fig. 2: T-junction geometry. Left panel: front view of the T-junction. Right panel: side view of the T-junction. Grey 
lines: qualitative representation of the mesh cells‘ size and shape. 
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3.1.2 Meshing 

The first step for the investigation of fluid flow in a T-junction is the generation of a mesh, 

i.e., to split the simulation region in small regions in which flow variables are stored. As 

shown in Fig. 2, the geometry is split in three sections a, b and c. The side channel is 

generated by extruding section c in the negative z+-direction. The inlet channel’s base length 

is two length units. Longer inlets are generated by extruding section a in the negative x+-

direction. 

First two meshes (2.6.106 cells and 8.106 cells, Linlet
+ = 2, Loutlet

+ = Lside
+= 6, SCW+ = 1, α = 

90°) are generated with the OpenFOAM® mesh generation tool snappyHexMesh. These 

meshes featured a refinement at the edges of the geometry to reduce the overall cell count. 

The meshes are used for simulations with Re = 5,000 and a (static) pressure difference of Δp+ 

= -0.30 (the pressure difference between side channel outlet and main channel outlet is Δp+ = 

pout,J
+- pout,C

+). Unfortunately, when using such a mesh, an asymmetric (mean) flow profile 

was predicted (see Fig. 3).  

 

Fig. 3: Unsymmetrical fluid flow profile when using a refined mesh. Time-averaged velocity in main channel x+-
direction, shortly after the junction in the T-junction (Re = 5,000, Δp+ = -0.30). 

The calculations run 300 dimensionless time units to reach a quasi-steady state, then another 

300 dimensionless time units to collect time-averages of mean and fluctuating flow properties. 

Both fluctuations and mean values are not fully symmetric in the y+z+-plane (in the main 

channel), or in the x+y+-plane in the side channel. This might be the result of the oblique 
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polyhedron-cells generated by the snappyHexMesh-tool [37], or (less likely) too short 

averaging periods. This problem still appeared after mirroring the mesh and changing the 

decomposition of the geometry domain. Thus in the next step coarser meshes with no 

refinements at the edges were generated with the OpenFOAM® meshing tool blockMesh. 

This tool decomposes the T-junction geometry in hexahedral blocks [37]. Following such a 

mesh generation strategy, the symmetry problems vanished.   

Regarding the main goal of this thesis, i.e., the investigation of the mechanism behind 

hydrodynamic fractionation, it was decided that for all further simulations meshes generated 

with blockMesh, with approximately 2.0.105 cells should be used. Also, the Reynolds number 

was kept constant at Re = 500, while the dimensionless pressure difference (Δp+) was varied. 

The inaccuracy introduced due the use of these coarse meshes (the largest dimensionless wall 

distance [20] y+-values are: ymin
+=~0.7, ymax

+=~2.4, yave
+=~1.2, see Appendix A) is expected 

to be low for the moderate Reynolds number studied. The low cell number decreases the 

computational time of each simulation, which simplifies an explorative investigation of 

multiple parameter settings. 

Note, that in OpenFOAM® the Reynolds number Re was adjusted by changing the kinematic 

viscosity (Re = u Hhyd / ν with the hydraulic diameter: Hhyd = 4A / U = L+ [14]). Thus Re = 500 

required setting ν = 2.10-3.  

3.1.3 Numerical Schemes 

In this thesis the fluid flow is solved using a direct numerical simulation (DNS) approach, and 

the finite volume method (FVM) is applied. In this method each cell of the generated mesh 

represents a single control volume, and all fluxes over the side faces of this control volume 

are explicitly determined. This leads to the main advantage of this method over other methods 

(e.g. FDM finite different method, FEM finite element method): its ability to fully satisfy 

mass, momentum and energy conservation [38].  

OpenFOAM® approximates the Navier-Stokes-Equations (see Appendix A) by applying 

discretization schemes, and the subsequent solution of the set of algebraic equations. Those 

schemes can be divided in time and spatial discretization. In Table 1 the numerical schemes 

used for all CFD simulations in this thesis are summarized. Furthermore, the OpenFOAM® 

standard solver pimpleFOAM was applied, which allows a flexible adjustment of the velocity-

pressure segregated solution procedure employed by OpenFOAM®. 
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Table 1: Numerical schemes used in OpenFOAM®. 

Time Discretisation 

keyword math. terms schemes 

ddtSchemes First/Second order time 
derivative ∂/∂t 

default  backward 

  
Spatial Discretisation 

keyword math. terms schemes 

gradSchemes Gradient , e.g. p default Gauss linear 

grad(p) Gauss linear 

  grad(U) Gauss linear 

divSchemes Divergence, convection 
term, e.g., (uu) 

default none 

div(phi,U) Gauss limitedLinearV 1

div(phi,nuTilda) Gauss limitedLinear 1 

div((nuEFF*dev(T(grad(U))))) Gauss linear 

laplacianSchemes Laplacian ², laplacian 
terms, e.g., (νu) 

default none 

laplacian(nuEff,U) Gauss linear corrected 

laplacian(rAUf,p) Gauss linear corrected 

interpolationSchemes Point-to-point interpolations 
of values, interpolation from 
cell centers to face centers 

default linear 

  interpolate(U) linear 

snGradSchemes component of gradient 
normal to a cell face 

default corrected 

      

fluxRequired fields which require the 
generation of a flux 

default no 

p 

 

For detailed information regarding the mathematics behind the chosen discretization schemes 

see the OpenFOAM® user guide [37]. 

3.1.4 Boundary Conditions 

The boundaries of the simulation domain are the main channel inlet (inC), the main channel 

outlet (outC), the side channel outlet (outJ) and the wall building the T-junction geometry. The 

conditions used for the pressure and velocity can be found in Table 2 and Table 3. 

Table 2: T-junction: fluid pressure boundary conditions. 

patch type inletValue Value 

inC zeroGradient - - - - 

outC fixedValue - - uniform  0 

outJ fixedValue - - uniform  
[-0.3, -0.2, -0.1, 0.0, 
0.1, 0.2, 0.25, 0.30, 
0.35]

wall zeroGradient - - - - 
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Table 3: T-junction: fluid velocity boundary conditions. 

patch type inletValue Value 

inC see Chapter 3.1.4.1 and 3.1.4.2 

outC inletOutlet uniform (0 0 0) uniform (0 0 0) 

outJ inletOutlet uniform (0 0 0) uniform (0 0 0) 
wall fixedValue - - uniform (0 0 0) 

 

Note, for all cases gravity is neglected, meaning that only the dynamic pressure in the 

channels is predicted, and that sedimentation effects are absent in our simulations. 

3.1.4.1 Laminar Inlet 

In most simulations a laminar inlet profile is applied at inC. The profile is generated with the 

OpenFOAM® tool setInletVelocity [24] (see Appendix A). Fig. 4 shows the velocity profile 

that has been imposed at the inlet of the T-junction. 

 

Fig. 4: Laminar inlet profile. Left panel: isometric view. Right panel: y+z+-plane of main channel inlet.  

 

3.1.4.2 Mapped Inlet 

Also a mapping technique for representing multiple T-junctions was investigated. Such a 

mapping strategy allows us to picture the effect of unsteady and inhomogeneous flow 

generated at a T-junction on the separation efficiency. Specifically, a sample field 

downstream is corrected (e.g., the mean inlet velocity is enforced to be 1), and mapped back 

to the inlet of the T-junction. Fig. 5 shows the geometry of the base case T-junction with the 
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mapped region. The sample field for the mapped inlet condition is represented by the grey-

shaded plane. The settings for the mapped boundary condition [25] (see Appendix A) are 

based on the pitzDaily tutorial case of OpenFOAM®. 

 

Fig. 5: Internal mapping to generate the inlet flow profile. The grey-shaded plane represents the cross section which is 
mapped back to the inlet.  

At a low Reynolds number (i.e., Re = 500) the fluid flow in the T-junction with a mapped 

inlet condition and a laminar inlet condition are very similar (see Appendix A). Thus, for all 

further simulation no internal mapping was applied. 

Note, due to the low Reynolds number and the laminar inlet profile, the mesh cell number 

along the inlet can be reduced, since the flow will be developed and laminar. This again saves 

computational time. 

In addition to the T-junction geometry, a straight channel geometry was generated and used 

for an explorative investigation of the fibre behavior in laminar flow. For the corresponding 

details the interested reader is referred to Appendix A. 
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3.2 Particle Motion 

To be able to simulate particle separation in a hydrodynamic fractionation device, the 

particles, i.e., fibres, need to be modeled. Therefore, the geometry of a single fibre and the 

forces acting on it need to be defined. In general, the fibres’ motion is influenced by fibre-

wall, and/or fibre-fibre contact forces, as well as hydrodynamic forces. The latter results from 

the surrounding fluid, and is determined by sampling fluid data at each fibre’s center of mass 

position. 

3.2.1 Fibre Model 

In order to determine fibre-fibre or fibre-wall contacts, the fibres are assumed to be 

spherocylinders. Note, that for all other calculations, e.g. force models, the fibres are assumed 

to be prolate spheroids (see Fig. 6). This is done in order to save computation time, since the 

calculation of interaction of spherocylinders (or a spherocylinder with a wall) is faster 

compared to that of  spheroids [28]. Thus, the geometric assumptions about the exact fibre 

shape are strictly speaking inconsistent. However, it is speculated that this inconsistency will 

have little effect on the overall behavior of the system, since we are mainly interested in 

particles with high aspect ratios.  

 

Fig. 6: Fibre geometry assumptions. Top panel: spherocylinder. Bottom panel: prolate spheroid. 

 

3.2.2 Fibre-Fibre and Fibre-Wall Interactions 

The implementation of the fibre-fibre and fibre-wall contact model is based on the algorithms 

present in Schneider and Eberly [30]. The spherocylinders are represented via a method based 

on spherosimplicies [28], i.e., as a line segment. Each line segment is defined by a point and a 
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direction, while the surrounding walls can be seen as an ensemble of triangles [29]. The used 

fibre-fibre algorithm determines the nearest distance between two lines (i.e., the centerlines of 

the spheroids), as well as the points on these lines that have the nearest distance to each other. 

Similarly, the fibre-wall algorithm determines the distance between a line and a triangle. 

Fibre-fibre and fibre-wall forces are modeled with the Discrete Element Method (DEM). Our 

model accounts for an inelastic interactions in the normal direction, as well as a dashpot and 

frictional element in the tangential direction [39]. Furthermore, the fibres are assumed to be 

surrounded by a roughness layer, which represents the fibrils of a fibre [32] (see Fig. 7). The 

effect of fibrils is modeled using a normal linear spring force model. Based on this roughness, 

and the viscosity of the surrounding fluid, the effect of unresolved fluid flow between two 

fibres (or a fibre and a wall) can also be modeled. This so-called lubrication force model 

establishes a force against a possible relative motion of the fibres, i.e., it dampens fibre 

relative motion [31]. For details regarding these models the reader is referred to Appendix B. 

 

Fig. 7: Fibre with roughness layer to represent fibrils. 

The correct implementation of the fibre-fibre interaction models is verified by comparing 

simulation results with an analytical solution of a single fibre-fibre collision (see Appendix C 

for details). The fibre-wall interaction has been verified by Redlinger-Pohn [29] using a 

similar strategy, and is not discussed here in detail. 

3.2.3 Fibre-Fluid Interactions 

In our model the fibres are influenced by hydrodynamic forces and torques acting on the 

center of mass, while the influence from the fibres on the fluid is neglected. Depending on the 

particle Reynolds number Rep, the hydrodynamic forces are dominated by viscous (small Rep) 

or inertial effects (large Rep) [31]. In this work no inertial effects are taken into account since 

Rep is small. Furthermore, in the current work no lubrication force model (see chapter 3.2.2) is 

used to simulate the resistance two approaching fibres (or a wall-approaching fibre) 



Simulation Strategy  17 

experience. This was done due to the lack of information regarding the fibrils presence on the 

surface of the fibres. 

3.2.4 Coordinate System 

3.2.4.1 Global and Fibre Coordinate System 

In all DEM and CFD-DEM simulations three coordinate systems have to be distinguished (see 

Fig. 8): 

 The global coordinate system used by LIGGGHTS® B (ex, ey, ez) 

 The cross section section’s coordinate system Bi´´ (ex,i´´, ey,i´´, ez,i´´) 

 The fibres coordinate system Bj,i´ (ex,j,i´, ey,j,i´, ez,j,i´) 

 

Fig. 8: Coordinate systems used in this study. Left panel: global coordinate system. Right panel: local cross sectional 
coordinate system, as well as fibre coordinate system. 

Transformations between coordinate systems are straight forward using matrix algebra (see 

Appendix C for details). 

3.2.4.2 Section-Based Coordinate System 

To analyze the orientation of the fibres, the cross section of the channel is divided into four 

sub-sections (see Fig. 9). This is mainly done to compare fibre orientation statistics (obtained 

from the channel flow simulations) to literature data [40] on fibre flow between two parallel 

walls. In our work the global coordinate system B (ex, ey, ez) is located at the center of the 

simulation box. The other sections’ coordinate systems Bi´´ (ex,i´´, ey,i´´, ez,i´´) are located on 

each side wall, and have their origin at the center of the cross section (see Appendix C). 
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Fig. 9: Simulation box, divided into 4 equally sized triangular sections 1, 2, 3 and 4. Each section i has its own section-
based coordinate system Bi´´ (ex,i´´, ey,i´´, ez,i´´). Middle: Global coordinate system B (ex, ey, ez). 

3.2.4.3 Fibre Orientation in a Spherical Coordinate System 

The fibre orientation vector in each section i ([fexj]Bi´´ referring to each sections’ base point 

Bi´´) is converted from Cartesian coordinates to spherical coordinates (see Fig. 10, detailed 

information on the conversion operation is summarized in Appendix C). This is done in 

analogy to the analysis of fibre orientation in suspension flow between two parallel plates 

[33]. 

 

Fig. 10: Spherical coordinate system [41]. 

To illustrate the fibre orientation analysis (i.e., [ϴj]Bi´´ and [ϕj]Bi´´), three possible extreme 

orientations of a fibre are considered and displayed in Fig. 11. 
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 the fibre is oriented in the global x+ – direction: streamwise oriented 
 the fibre is oriented in the global y+ – direction: parallel to wall 
 the fibre is oriented in the global z+ – direction: normal to wall 

 

 

Fig. 11: Three possible extreme fibre orientations in each sub-section of the cross section. 

Depending on the sub-section the fibre resides in, a different azimuthal ϴ and polar angle φ 

is obtained, since the fibre has a different position relative to the wall. In Table 4 the three 

possible fibre orientations: parallel to the wall (||, spanwise), normal to the wall (∟), or 

directed into streamwise direction (sw) are shown. 

Table 4: Analysis of the three possible extreme fibre orientations in terms of spherical coordinates. 

 

3.2.5 Benchmark Simulation: Fibre Flock Formation 

In the pulp and paper industry flocculation of fibres occurs already at comparably low 

consistencies [35], the key additional factor being the fibres’ aspect ratio. Thus the simulation 
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of a fibre flock generation with interacting fibres seems to be a logical first step to test the 

fibre-fibre interaction model.  

Previous work ([34], [35], [42], [43]) focused on flexible fibres for the generation of fibre 

flocks. The flexibility of fibres needs additional equations to be solved for each fibre, which 

results inevitably in the (possibly) limiting requirement of high computational power. The 

usage of stiff fibres takes fewer equations, and thus no time-expensive simulations, which is 

advantageous especially for the investigation of the fibre flock generation technique itself. In 

this study, the formation of a fibre flock consisting of stiff fibres was investigated. 

3.2.5.1 Representation of the Fibre Length Distribution 

In all DEM and CFD-DEM simulations five fibre classes are used, whereas the fibre classes 

differed only in their major length (i.e., in their aspect ratio). The minor length is constant for 

all fibres. To compare the fibre dimensions used in the simulation with reality, a reference 

system is used: 1 dimensionless length unit = 5.10-3 [m]. Furthermore, two fibre distributions 

need to be distinguished, the real fibre distribution ΔQ0,real measured by König [44] and a 

uniformly distributed distribution ΔQ0,uniform. 

Table 5: Fibre types: dimensions and distributions. 

in simulation [-] in ref. system [m] 
AR ΔQ0,real ΔQ0,uniform dMajor dMinor dMajor dMinor 

2 0.95 0.20 0.04 0.02 2.0.10-4  10-4 

5 0.01 0.20 0.10 0.02 5.0.10-4 10-4 

10 0.03 0.20 0.20 0.02 1.0.10-3 10-4 

15 0.01 0.20 0.30 0.02 1.5.10-3 10-4 

20 0.01 0.20 0.40 0.02 2.0.10-3 10-4 

 

3.2.5.2 Tri- and Uni-axial Deformation 

A flock of fibres has been prepared by a virtual compaction of a three-dimensional, fully 

periodic simulation box that is filled with randomly positioned and oriented fibres. While the 

box shrinks, the fibres get closer to each other, interact (due to the contact force model 

detailed in Chapter 3.2.2) and move relative to each other.  

There are multiple options on how exactly the original box shrinks. Two possibilities were 

considered, namely (i) an uni-axial, and (ii) a tri-axial deformation method, both having a 

constant (negative) deformation rate εdeform. While the uni-axial model deforms the box only 

in one spatial direction (i.e., the x+-direction in our setup), the tri-axial deformation model 

applies a deformation to all three spatial directions (see Fig. 12). 
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Fig. 12: Illustration of the compaction procedure to produce a fibre flock. Left panel: tri-axial deformation. Right 
panel: uni-axial deformation in x+-direction. 

To guarantee that all fibres fit in a certain region (e.g., in a channel), the original (pre-

deformation) box is deformed to a reduced final (reduced post-deformation) box. The reduced 

deformed box dimensions are exactly the final (post-deformation) box dimensions minus the 

fibre length of the longest fibre in the system (i.e., in our case dMajor,AR=20, see the illustration 

in Fig. 13). 

 

 

Fig. 13: Dimensions of the box used for the compaction procedure. Left: original box. Middle: final (post-
deformation) box and reduced final (reduced post-deformation) box. Right: detail: fibre in the corner of the reduced 

final box. 

Note, after the deformation process a stabilization process is started. Therefore the simulation 

continues with no deformation but a repeating resetting of the fibres’ velocities. After a 

certain number of time steps a sufficiently low total internal energy of the system (e.g., 10-20) 
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is reached. This indicates that all fibres have positioned in an (approximately) stressfree 

arrangement in the flow. 

3.2.5.3 Fibre Flock Generation Setup 

In this case following parameter settings are used. The fibres are uniformly distributed (see 

Table 5).  

Table 6: Fibre flock generation setup for tri- and uni-axial deformation. 

DEM Parameter Fibre/Fluid Data 
roughFact 1.0.10-2 rhoFib 1.27 
roughStiffFact 1.0.10-3 phiFib 0.01 
frictionCoef 0.0 rhoFluid 1.00 
liquidDynViscosity 0.0 Tri-axial deformation 
dtDEM 1.0.10-6 direction initial box 
koverlap 5.0.10-3 x+ 50 
compactEveryNthDEMStep 5.0.101 y+ 50 
stiffnessNormal 2.0.104 z+ 50 
dampingNormal 1.0.10-2 Uni-axial deformation 
stiffnessTang 0.0 direction initial box 
dampingTang 0.0 x+ 1000 
dMinorRealFact 1.0 y+ 4.6 
Etot,min 1.0.10-10 z+ 4.6 

 

Table 6 summarizes the fibre properties of the fibre flock generated with these setting and the 

required deformation rates for the tri- and uni-axial deformation process. 

Table 7: Fibre flock data for tri- and uni-axial deformation. “real”-values represent properties of the final fibre flock. 

Fibre Data Box Dimensions 
phiFibreal 1.00.10-2 direction red. Final box 
massFracReal 1.27.10-2 x+ 4.6 

consitency 1.27.10-2 y+ 4.6 

nFibres 22340 z+ 4.6 

Tri-axial deformation AR nFib 

tRateValue -5.0006251 2 4468 

RealDEMsteps 477150 5 4468 

Uni-axial deformation (only in x+) 10 4468 

tRateValue -5.0006251 15 4468 

RealDEMsteps 1,076,250 20 4468 
 

Note, the spring stiffness and the damping coefficient are chosen similar to the fibre-fibre test 

case: the minimum number of time steps resolving a fibre-fibre contact is >50. 



Simulation Strategy  23 

3.2.5.4 Analysis of the Fibres’ Orientation in a Fibre Flock 

Two fibre flocks generated with both deformation methods (tri- and uni-axial deformation) 

and a detail view of both fibres can be seen in Fig. 14. A difference in the fibres’ orientation 

between those two methods can already be visually detected.  

 

Fig. 14: Snapshots of the fibre flocks. Top: fibre flock generation with tri-axial deformation method. Bottom: fibre 
flock generation with uni-axial deformation method. Left: total fibre flock. Right: fibre flock detail. 

For a more precise fibre orientation analysis, the fibre orientations at the beginning and at the 

end of the fibre flock generation process are compared (see Fig. 15 to Fig. 17). It can be seen 

that for the tri-axial deformation there is no orientation preference. Thus, an approximately 

uniformly distribution (compare with the data summarized in Appendix C) of the fibre 

orientation is kept during the domain deformation process. For the uni-axial deformation a 

preferred fibre orientation develops: the fibres in the uni-axial deformed box are more likely 

to be parallel to the walls, which is especially true for long fibres. Furthermore, it can be 

observed that the initial box size is crucial to the pronounced development of a preferred fibre 

orientation: the longer the initial x+-dimension for the uni-axial method, the more dominant 

the preferred fibre orientation is. This is because the traveling length and the time for the 

orientation process are longer. 



Simulation Strategy  24 

 
Fig. 15: Initial orientation distribution for the tri- and uni-axial deformation process. 

 

Fig. 16: Tri-axial deformation: fibre orientation at the end of the simulation, φFib =1.0%. 

 

Fig. 17: Uni-axial deformation: fibre orientation at the end of the simulation, φFib =1.0%. 

Note, all classes have the same width of 15 degrees. 
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4 Results for Fluid Flow 

To evaluate the behavior of the fluid in the T-junction at different parameter settings, multiple 

CFD-simulations are executed. For details on each simulation case see Appendix A. All 

simulations are divided into two parts: first, the simulation is executed until a quasi-steady 

state flow profile is reached (see Appendix A). Second, the simulations are continued to 

determine time-averaged pressure and velocity distributions. Furthermore, by spatially 

averaging the time-averaged velocity and pressure over the inlet and outlet boundary planes, it 

is possible to calculate the mean volumetric flow fraction Φ+ leaving the T-junction via the 

side channel and the pressure loss in the main channel over a single T-junction. 

4.1 Volumetric Flow Fraction exiting through the Side Channel 

Depending on the geometry (Linlet
+, SCW+, α) and the pressure difference Δp+ between side 

channel outlet and main channel outlet, the volumetric flow fraction Φ+ leaving the T-junction 

through the side channel varies. It is assumed that the volumetric flow fraction Φ+ is directly 

connected with the separation efficiency of the hydrodynamic fractionation. This is since a 

higher volumetric flow fraction results in a larger amount of fluid drawn into the side channel, 

and consequently also a larger fraction of particles is removed from the main channel. 

 

Fig. 18: Volumetric flow fraction leaving the T-junction via the side channel. Re = 500, Loutlet
+ = Lside

+ = 6. 

Fig. 18 highlights the effect of pressure, angle, and inlet length on the flow rates. The main 

impact on the volume fraction Φ+ is given by the pressure difference and the side channel 
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width SCW+. Clearly, a smaller width results in a smaller cross section of the side channel, 

and consequently Φ+ decreases with decreasing SCW+. The angle of the side channel is also 

influencing the volumetric flow fraction, but this effect is smaller than that of SCW+. No 

influence (i.e., ~1‰) of the inlet length of the channel Linlet
+ on + is found, as it should be. 

In summary, predicting Φ+ based on the geometrical and operating parameters of the T-

junction seems non-trivial, asking for a more in-depth analysis. 

4.2 Pressure Distribution near a T-Junction 

To gain a more profound understanding of the flow behavior near the T-junction, the pressure 

distribution for three cases is shown in Fig. 19 and Fig. 20. 

 

Fig. 19: Pressure distribution at a T-junction (Linlet
+=20, Loulet

+=Lside
+= 6, SCW+=1, α=90°). Top penal: ∆p+=-0.30. 

Middle panel: ∆p+=0.00.  Bottom panel: ∆p+=0.35. 

The static outlet pressure (divided by the fluid density) is set via the boundary conditions in 

OpenFOAM®. In all cases the static outlet pressure at the main channel outlet is set to zero. 

Thus the pressure difference ∆p+ actually equals the static pressure at the side channel outlet. 

In Fig. 19 three cases are compared. In all cases the highest total mean pressure is located at 

the inlet, as it should be to realize fluid flow through the T-junction. The top panel contains an 

under-pressure at the side channel, which drags fluid to the side channel. Consequently, the 

total mean pressure in the outlet part of the main channel is higher than in the side channel. In 
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the middle panel (of Fig. 19) the static pressure at both outlets is identical. The bottom panel 

(of Fig. 19) shows an over-pressure configuration, i.e., the total mean pressure in the outlet 

part of the main channel is lower than in the side channel. Note, the total pressure consist of 

the static and the dynamic pressure [14], thus a direct comparison of the total pressure to 

predict the volumetric flow fraction is misleading. The velocity of the fluid in the channels, 

i.e., the dynamic pressure, need to be considered as has been done in the analysis detailed 

below.  

Fig. 20 shows the pressure distribution over the side channel. As expected, the mean pressure 

decreases in the -z+- direction, due to the pressure loss, which is according to Hagen–

Poiseuille’s equation [14] proportional to the length of the channel and the fluid velocity. 

 

Fig. 20: Pressure distribution in the side channel of a T-Junction (Linlet
+=20, Loulet

+=Lside
+= 6, SCW+=1, α=90°). Left 

penal: ∆p+=-0.30. Center panel: ∆p+=0.00. Right panel: ∆p+=0.35. 

4.2.1.1 Total Pressure Loss in the Main Channel 

For economic reasons the total pressure loss, i.e., the energy dissipation rate, of a 

hydrodynamic fractionation device is important. The pressure loss over a single T-junction (in 

the main flow direction) is determined for multiple geometries and pressure differences, and 

summarized in Fig. 21. 

Qualitatively it can be noted that the main influence on the overall pressure loss seems to be 

the pressure difference ∆p+ and the inlet length Linlet
+, followed by the side channel width 

SCW+ and the angle α between the two channels. For details on the determination of the 

pressure loss, see Appendix A. Considering the scaling implied by the Hagen-Poiseuille 

pressure loss, i.e., p u L µ / H²   it is only logical that a longer inlet length and a higher fluid 

velocity results in a higher pressure loss. In summary, the higher ∆p+, the higher the flow rate 
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through the main channel resulting in a higher pressure loss in the main channel. Note, that 

the pressure drop in the side channel has not been taken into account in the current analysis, 

which might shift the picture for the overall energy dissipation rate in T-junction flow. 

 

Fig. 21: Overall pressure loss over a single T-junction (Reynolds number Re = 500, outlet length Loutlet
+ = 6, inlet 

length Linlet
+ and side channel width SCW+ vary in these simulations; left panel: T-junction geometry with an inlet 

length of Linlet
+ = 20 (SCW+=1) and Linlet

+= 20.5 (SCW+= 0.5); right panel: T-junction geometry with an inlet length of 
Linlet

+= 40 (SCW+=1) and Linlet
+= 40.5 (SCW+= 0.5)). 

4.3 Predicting Flow Rates through a T-Junction 

Next, we attempt to predict the flow rates through the main and side channel based on a 

simple model that relies on the Bernoulli equation. Therefore, we first consider the 

(qualitative) behavior of the pressure along the centerline of the channels:  

 

Fig. 22: Schematic representation of the pressure profiles near a T-junction. 

Fig. 22 schematically indicates the profile of the mean pressure in the main (blue line) and the 

side channel (red, dashed line). In both channels the pressure decreases due to viscous 
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dissipation. Most important, the pressure loss in the side channel is less than in the main 

channel due to the lower fluid velocity (note that in the base case the channel lengths have an 

equal length). In general it can be noted that the pressure loss in the inlet section of the main 

channel is the highest because of its length and the high velocity. 

To build our model for the flow in a T-junction, we first summarize some key observations 

from the simulation results discussed in Chapter 4.1: first, it can be noticed from Fig. 18 that 

the volumetric flow fraction is greater than zero even if ∆p+ ≥ 0. Clearly, this is because the 

pressure directly at the junction (i.e., Pmain,junction) is somewhat higher than that at the main 

channel’s outlet (i.e., Pstat,outC). Furthermore, for p+ = 0, we observe from Fig. 18 that Φ+ is 

substantially smaller than 1. Thus, a much larger amount of fluid exits through the main outlet 

(opposite of the inlet) compared to the side channel, even though the channel length and outlet 

pressure are identical. This indicates that the kinetic energy of the incoming fluid is pushing 

the fluid mainly towards the main outlet, and to a much lower extent to the side outlet. Thus, 

we need to consider the dynamic pressure contributing differently to the pressure distribution 

in the main and side channel. Another important fact is that the angle of the side channel has 

an influence on Φ+. Hence, we expect that a second parameter (next to a friction factor) is 

necessary to model the split of the fluid streams at the T-junction. We do this by considering 

that the friction factor in the side channel is a factor J larger than that in the main channel. 

Furthermore, we allow J to vary with the angle of the side channel. The fact that J > 1 can 

be explained by the fact that the flow in the side channel is confined to a small region next to 

the side channel’s wall. Hence, the average shear stress acting on the walls of the side channel 

is higher, resulting in a higher pressure drop in this channel. 

We are now in the position to model the pressure drop in the main and side channel using a 

simplified pressure loss calculation based on the well-known Bernoulli equation (see 

Appendix A.4.1 for details). Therefore, we assume that the pressure drop in the channel 

sections follows Hagen-Poiseuille’s law, since the flow is expected to stay laminar. We then 

arrive at the following (implicit) model equation for the volumetric flow fraction: 
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The only two fitting parameter in this equation are the loss coefficients  and J. The equation 

shows that  ∆p+ = 0 does not imply + = 0, and that the outlet channel lengths play a 

significant role for the split of the flow. Furthermore, it can be seen that there is some critical 
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(positive) pressure difference p  above which + would become negative. For such a 

situation, inflow through the side channel would occur. 

In order to determine the missing parameters, i.e., the loss coefficients, we next re-write the 

above equation to isolate the channels’ main loss coefficient :  
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Fig. 23: Optimal loss coefficient for the main channel for different channel configurations (Linlet
+=20, Loulet

+=Lside
+= 6). 

Doing so, allows us to compute  from our simulation results by assuming a certain value for 

J. By varying J in a way that yields (to a first approximation) a value for  independent of 

the applied pressure difference p , we arrive at Fig. 23. This figure summarizes the values 

for  when using the optimal value for J. Clearly, for the situation involving a narrow side 

channel (i.e., SCW+ = 0.5) we observe an almost horizontal line close to  = 65.5, indicating 

that our model assumptions are well satisfied for this situation. For SCW+ = 1.0 we observe 

some variation of  in the order of approximately 10%. This indicates that our model 

assumptions are less accurate for such a situation, but still capture the main physics. Indeed, 

the comparison of the predicted and simulated values for + assuming a fixed value for  

shows good agreement for both channel widths (see Fig. 24). This demonstrates that our 

model detailed in Appendix A.4.1 is able to picture the key flow phenomena that govern the 

split of the flow at the T-junction. 



Results for Fluid Flow  31 

 

Fig. 24: Predicted versus simulated volumetric flow fraction at a T-junction ( = 65.5, J as per Fig. 23, Linlet
+=20, 

Loulet
+=Lside

+= 6). 
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5 Fibre-Fines Separation in a Dilute Suspension 

The idea behind the fibre-fines separation in a T-junction is that the particles in the suspension 

rotate, and that fibres close enough to the wall touch the wall as a consequence of this 

rotation. Whenever a fibre contacts a wall it repels and moves towards the center of the 

channel. The position of the fibre’s center of mass is then expected to be approximately half 

its length away from the wall (this is exactly true in case the fibre’s major axis is initially 

perpendicular to the wall). Thus, longer fibres are more likely to reside near the center of the 

channel, in contrast to shorter fibres that are more homogeneously distributed across the 

channel. In summary, we expect the spatial distribution of suspended fibres depending on 

their length. This inhomogeneous distribution of particles can then be used to separate shorter 

fibres close to the wall by removing a thin layer of fluid (in which only small particles are 

present) via the side channel.    

As a first step towards a more complete understanding of fibre-fines separation, a dilute 

suspension is considered here. In a dilute suspension the particles (i.e., fibres and fines) are 

isolated, and fibre-fibre interactions are neglected. Only fibre-wall interactions and 

hydrodynamic forces need to be accounted for, since they are needed to picture the separation 

mechanism proposed above. Based on this assumption, the T-junction dimensioning and the 

determination of ideal separation parameter settings are approached. 

5.1 Explorative Studies 

Before the actual separation simulation in a T-junction is considered, the general behavior of 

fibres in a laminar flow field, the impact of fibre-wall interactions, the extension of the critical 

separation layer, and the impact of the side channel on unseparated fibres is studied. 

5.1.1 Fiber Behavior in a Straight Channel under Laminar Flow 

Conditions 

The understanding and characterization of the actual behavior of a fibre (i.e., a prolate 

spheroid) in a laminar flow is the first step for the dimensioning of a hydrodynamic 

fractionation device. Jeffery [45] already described analytically the rotation of spheroids in 

linear, one-dimensional shear flow (see Appendix D). The numerical results gained from a 

simulation of fibre flow in a straight channel showed excellent agreement with Jeffery’s 

analytical solution (the maximum error was as follows: AR=2: 4.5%, AR=20: 1.4%, for more 

details see Appendix D). Thus, the Jeffery orbit equation can be used for the calculation of the 

time period it takes for a fibre to flip.  
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We now assume that the fibre’s velocity equals the fluid velocity at the fibre’s center of mass, 

and that the flow is laminar and developed (see the analytical solution derived by Tamayol 

and Bahrami [46] summarized in Appendix D). The time period and the traveling length for a 

fibre to undergo a single Jeffery orbit at any position in the cross section can now be 

calculated. In case a fibre is sufficiently close to a wall (e.g., a distance closer than half its 

length in case the major axis of the fibre is oriented normal to the wall), less than a half orbit 

(i.e., a rotation of less than 180°) would be sufficient for the fibre to touch the wall. 

Subsequently, the fibre-wall interaction will change the fibre’s position, such that under 

optimal conditions (i.e., a fibre oriented normal to the wall) the fibre’s center of mass is 

located dMajor/2 away from the wall (see Fig. 25).  

Note, the initial fibre orientation is a crucial factor for the repositioning of the fibre. In case a 

fibre is orientated parallel to the wall and perpendicular to the streamflow direction, the fibre 

tends to log-roll along the main channel which keeps the fibre from prepositioning and retards 

the separation efficiency. 

 

Fig. 25: Fibre repositioning due to a single fibre-wall interaction (flow is left to right). Blue line: initially positioned 
and oriented fibre. Grey lines(s): rotating fibre. Orange line: the fibre just contacts the wall. Red line: repositioned 
fibre located at a distance s-dMajor,AR/2 from the wall. The fibres center of mass moves ∆z+ towards the center of the 

channel due to a fibre-wall interaction. 

Fig. 26 shows the analytically determined time period and traveling length needed for a half 

orbit for different fibres. The fibres are initially positioned at y+ = 0 and at s-dMajor,AR=2/2 ≤ z+ 

≤ s-dMajor,AR=20/2. According to the analytical Jeffery orbit calculations, class AR = 20 (i.e., the 

class holding the longest fibres), requires the longest traveling length of approximately 18.45 

dimensionless length units for a half orbit. The initial z+-position of this slowest rotating fibre 

is z+ = s-dMajor,AR=20/2 = 0.3 as shown in Fig. 26. For this reason the inlet length for the base 

configuration (for the T-junction simulation) is set to Linlet
+=20. 
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Fig. 26: Jeffery orbit calculations. Left Panel: time period of a half orbit t+
0.5orbit. Right panel: traveling length of a half 

orbit s+
0.5orbit. 

5.1.2 Particle-Wall Impact 

Now that the time period and the traveling length of a fibre, which possibly touches the wall, 

are known, the effect of a fibre-wall interaction is tested. Specifically, an idealized situation in 

which all fibres are initially oriented in streamwise direction (see Fig. 27) is considered. It can 

be shown that all fibres interacting with a wall for this hypothetical situation reposition 

themselves at a distance exactly half their length from the wall (see Fig. 28). This confirms 

our assumption that the removal of a thin suspension layer close to the wall implies a removal 

of short fibres (i.e., fines). This thin layer is called critical separation layer as suggested by 

literature [18], [19].  

Again, we stress here that (i) the fibres must travel a sufficient distance to reposition 

themselves, as well as (ii) must be oriented exactly perpendicular to the wall at least once 

during their orbit.  

 

Fig. 27: Schematic representation of the ideal fibre position and orientation setup in a straight channel to investigate 
the impact of a fibre-wall interaction. 
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Fig. 28: The effect of fibre-wall interaction: fibres reposition due to wall contact at a distance z+=s-dMajor,AR/2, i.e., (s-
|z+

end|)/(dMajor,AR/2)=1 (initial fibre position and orientation as shown in Fig. 27). 

5.1.3 Setup for the Analysis near a T-Junction 

To analyze the separation process, three data collection planes (see Fig. 29) have been 

considered:  

 the preT-plane is a y+z+-plane located at x+=-0.51 (Linlet
+=20) or x+=-0.01 (Linlet

+=40),  

 the postT-plane is a  y+z+-plane located at x+=0.70, and  

 the sideC-plane is a x+y+-plane located at z+=-0.51.  

The data of all fibres crossing any of these planes is collected. Thereby the position and 

orientation of all fibres before and after the T-junction section can be easily monitored. Also, 

it can be differentiated if a fibre gets separated the first time it moves over the T-junction, or 

later during the simulation.  

 

Fig. 29: Schematic representation of the data collection planes near the T-junction. 



Fibre-Fines Separation in a Dilute Suspension  36 

5.1.4 Critical Separation Layer 

To determine the height of the critical separation layer, 100 fibres of each fibre class are 

placed just before the side channel (i.e., x+=-0.51 for SCW+=1; and x+=-0.01 for SCW+=0.5). 

Fibres are placed on a vertical line in the y+z+-plane (y+=0, -0.48 ≤ z+≤ 0.0), and are oriented 

in x+- and y+-direction as illustrated in Fig. 30. All fibres are assigned an initial velocity (in 

the streamwise direction) according to the local fluid velocity (see Appendix D for details on 

how the local fluid velocity can be calculated). 

 

 

Fig. 30: Schematic representation of the initial fibre position and orientation in a T-junction to probe the position of 
the critical separation layer. Top: fibres oriented in x+-direction. Bottom: fibres oriented in y+-direction. 

The fibre setup shown in Fig. 30 represents streamwise-oriented fibres, and fibres that will 

exhibit log-rolling [47]. These situations can be seen as the extreme orientations the fibres can 

have. The results of the determined height of the critical separation layers for all fluid flow 

cases (listed in Appendix A) is summarized in Fig. 31. The markers in this figure represent 
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the separated fibre of each class with the highest initial z+-position. Thus, the curves 

connecting these markers can be interpreted as the critical separation lines. The black 

horizontal line at (s-|z+
max,sep|)/(dMajor/2)=1 indicates whether a separated fibres initial position 

is at a distance closer or further than half their length from the wall. In general it can be 

observed that the height of the critical separation layer is a function of the pressure difference, 

i.e., the volumetric flow fraction leaving through the side channel (see Chapter 4.1). The 

lower the volumetric flow in the side channel, the thinner the separation layer, and the lower 

the amount of long fibres that become separated. Regarding the initial orientation (streamwise 

directed or log-rolling) it can be seen that log-rolling fibres are more likely to get separated 

than streamwise directed fibres. 

To isolate the most promising parameter settings out of these preliminary test cases, the 

ultimate goal of the separation, i.e., separation of only small particles, and the already gained 

knowledge about fibre behavior in laminar flow and the impact of fibre-wall interactions 

needs to be combined. For the actual separation at a T-junction all fibres have their starting 

position at the beginning of the main channel, and not immediately at the side channel as in 

the preliminary tests discussed above. Hence, fibres do have time, i.e., must travel a certain 

length through the channel, to interact with the wall and reposition themselves over the 

channel’s cross section. Thus, for all separated fibres in these preliminary tests it can be 

(ideally) assumed that if their starting position is closer than half their length from the wall 

(below black line: (s-|z+
max,sep|)/(dMajor/2)<1) they would not become separated if positioned at 

the beginning of the main channel. Thus, the criteria for usable parameter settings are (for 

both fibre orientations) (i) either only fibres from class AR=2 are separated in these 

preliminary test cases, or (ii) that fibres from all classes become separated in these 

preliminary test cases but the fibres in larger classes (i.e., for AR=5, 10, 15, 20) hold a starting 

position closer than half their length from the wall (below black line).  

In a first approach the cases revealing the most promising parameter settings (listed in Table 

8) are found by investigating the streamwise-directed fibre results shown in Fig. 31 (left 

column) under the consideration of the above criteria. The results for the log-rolling fibre are 

not considered, since it is observed that fibres tend to be oriented more in streamwise 

direction. 
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Table 8: Cases with the most promising parameter settings. 

case SCW+ α Δp+ 

SCW1.0_90_20_009 1.0 90° + 0.25 

SCW1.0_90_20_010 1.0 90°  + 0.30 

SCW1.0_90_20_011 1.0 90°  + 0.35 

SCW1.0_45_20_005 1.0 45° + 0.25 

SCW1.0_45_20_006 1.0 45° + 0.30 

SCW0.5_90_20_007 0.5 90° + 0.20 

SCW0.5_90_20_008 0.5 90° + 0.25 

SCW0.5_90_20_009 0.5 90° + 0.30 

SCW0.5_45_20_005 0.5 45° + 0.25 

SCW0.5_45_20_006 0.5 45° + 0.30 

 

Note, these separation lines, representing the height of the separation layers, are determined at 

ideal orientations (streamwise oriented and log-rolling fibres) and positions (y+=0). 
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Fig. 31: Critical separation layer as a function of the fibres aspect ratio (left column: fibres initially oriented in the 
streamwise direction; right column: log-rolling fibres). 
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5.1.5 Impact of the Side Channel on Unseparated Fibres 

While only a small portion of fibres becomes separated via the side channel, the remaining 

fibres are also influenced by the downwards suction of the side channel. It is now important to 

guarantee that small fibres that are not separated at the first junction (due to their large 

distance to the side channel) move slowly into the negative z+-direction. By doing so, these 

particles will be separated at one of the following junctions. To quantify this behavior, fibres 

initially oriented in the x+- and y+-direction have been placed at y+ = 0, similar to Fig. 30, and 

their trajectories have been followed.  

Fig. 32 shows the change of the fibres’ vertical distance when traveling from the preT-plane 

to the postT-plane. Unseparated fibres that are very close to the lower wall, i.e., the side 

channel entrance, either hit the wall, or the corner between the side channel and the main 

channel at the end of the T-junction. This results in a peak at the lower left corner of these 

graphs. Fibres initially oriented in the x+-direction show an irregular curve progression also at 

a position very close to the wall opposite to the side channel. Those fibres rotate, touch the 

wall, repel and reposition themselves due to particle-wall interactions. Generally it can be 

noted that the downward suction only influences the fibres at the lower half of the cross 

section.  

 

Fig. 32:  Impact of the downwards suction of the side channel on the fibres remaining in the main channel. Left panel: 
fibres initially oriented in x+-direction. Right panel: fibres initially oriented in y+-direction. All fibres are initially 

positioned at y+ = 0. The side channel entrance is located at s+zpreT
+ = 0, and the opposite wall is located at s+zpreT

+ = 1 
(case: SCW+=1, α=90°, Δp+=0.35). 

  



Fibre-Fines Separation in a Dilute Suspension  41 

5.2 Full Simulation Setup 

5.2.1 Fibre Position and Orientation at the Inlet 

In the following simulations five fibre classes (with AR=2, 5, 10, 15, 20) containing á 200 

fibres are used. The initial position of each fibre, its orientation and its velocity are assigned 

as explained below. Due to the symmetric fluid flow through the T-junction, it is sufficient to 

place the fibres at the beginning of the simulation only in one half of the cross section (i.e., at 

x+=-20 for Linlet
+=20 / ; x+ = -40 for Linlet

+=40, y+ ϵ [0 0.5], z+ ϵ [-0.5 0.5]). The distance from 

the wall is limited by half of each fibre class’ length. Hence, shorter fibres are positioned on 

average closer to the wall than longer fibres. Fig. 33 shows the initial fibre position of all 

fibres in the y+z+-plane at the beginning of the main channel. The initial orientation is 

randomly chosen using LIGGGHTS®’ random quat function, which provides a uniformly 

distributed random value for the fibres’ quaternion (see Chapter C.2.5 for details). The initial 

fibre velocity was determined by using the velocity profile function for laminar flow in a 

square cross channel derived by Tamayol et al. [46] (see Appendix D). 

 

Fig. 33: Initial fibre positions in the y+z+-plane located at x+ = -20 (for Linlet
+=20) or x+ = -40 (for Linlet

+=40). Left panel: 
representation of each fibre’s center of mass position. Right panel: fibres represented by cylinders in the channel. 

5.2.2 Flow Setup 

The CFD parameters in the CFD-DEM T-junction simulations are adopted from the CFD 

cases (see Chapter 3.1.3). Also the DEM parameters (e.g., the particle stiffness) are adopted 

from prior DEM simulations (see Table 6). For the coupling, a DEM time step of 10-6 is used 

with a coupling interval of 100 (i.e., 100 DEM time steps are performed during one update of 

the coupling forces).  
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The duration of all T-junction simulations with an inlet of Linlet
+=20 is set to 116.35 

dimensionless time units, the duration for all T-junction simulation with an inlet of Linlet
+=40 

is set to 229.85 dimensionless time units. Within this time the fibres closest to the wall and 

located at y+ = 0 (for which ux is approximately 0.172) can move 20 (for Linlet
+=20) or 40 (for 

Linlet
+=40) length units, which equals the distance from their initial position to the end of the 

T-junction. Note that the slowest fibres that are located in the corners might not reach the 

junction during the simulation, since their velocities are more than ten times lower (i.e., ux is 

approximately 0.013). 

Furthermore, periodic boundaries for the particle phase present in the main channel are set: 

fibres leaving the main channel 0.5 dimensionless length units prior to the end of the main 

channel are re-injected at 0.5 dimensionless length units after the beginning of the main 

channel. This results in an effective distance between (the periodic) T-junctions of 26 

dimensionless length units (for Linlet
+=20; or 46 for Linlet

+=40). Note, fibres positioned closer 

to the center of the channel travel with a higher velocity and may pass the T-junction multiple 

times. In contrast, fibres closer to the wall move with a smaller velocity and may pass the T-

junction only once within the duration of the simulation (see Fig. 34). Hence, the actual 

number of serial T-junctions a fibre experiences is different for each fibre class. 

Unfortunately, this could not be avoided due to the limitation imposed by computational 

resources that avoided substantially longer simulations. 

 

Fig. 34: Dilute fibre suspension flowing in T-junction at different instances in time. Fibres in the center of the main 
channel travel faster, and pass the junction more often than fibres closer to the walls. 
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5.3 Results for Fibre-Fines Separation near a T-Junction 

5.3.1 Separation Efficiency 

The separation efficiency [48] represents the fraction of each fibre class that is still in the 

main channel after passing a single, or multiple T-junctions. The base case parameters for the 

following analysis of the separation efficiency are: Re = 500, Linlet
+ = 20, SCW+ = 1, α = 90. 

Based on this base case, parameter variations are performed and the results can be compared. 

5.3.1.1 Comparison of the Results for Different Inlet Lengths 

Since the first simulation performed with the base case parameters was not satisfying, it was 

attempted to influence the fibre orientation by doubling the inlet length. This provides the 

fibres a longer traveling distance to reposition themselves. As seen in Chapter 4.1, the inlet 

length has no influence on the volumetric flow fraction, thus it is clear that a longer inlet only 

influences the fibers’ orientation but not the flow.  

Fig. 35 shows the separation efficiency at the first T-junction, and over the whole simulation 

duration. As can be seen, an incomplete separation is observed for both inlet lengths. While at 

the first T-junction fibres from classes AR=15 and AR=20 are not separated, the separation 

efficiency of these classes decreases over the whole simulation duration. The length of the 

inlet mainly lowers the separation efficiency curves, but does not change the sharpness of the 

separation process. The smaller separation efficiency may results from the longer duration 

time in the Linlet
+ = 40 cases. Some fibres pass the junction section more often than in the 

Linlet
+=20 cases. Thus, a direct comparison of the actual position of each curve is to some 

degree misleading. However, a qualitative observation of the curves leads to the conclusion 

that a larger traveling length does not positively influence the sharpness of cut. Thus, an inlet 

length of Linlet
+=20 is kept constant for following cases.  

The reason why a longer traveling length does not improve the sharpness of cut might be that 

the fibres that are oriented ideally in the streamwise direction reposition themselves anyway 

in the shorter channel. All other fibres oriented differently do not interact with the wall, even 

if they rotate their position is at the same distance from the wall than ideally oriented fibres. 

Some fibre orientation angles are just not favorable for a fibre-wall interaction, leading to no 

re-positioning of these fibres.  
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Fig. 35: Separation efficiency using different inlet lengths. Left panel: separation efficiency at first T-junction. Right 
panel: separation efficiency over whole simulation duration. 

5.3.1.2 Results for the most Promising Parameter Settings 

The most promising parameter settings discovered in the preliminary simulation (see Table 8) 

are now tested. Fig. 36 represents the separation efficiency of the first T-junction, as well as 

that recorded over the whole simulation duration. Again a decrease of the separation 

efficiency over the whole simulation can be observed. Furthermore, no case shows only a 

separation of fibres from class AR=2.  

 

Fig. 36: Separation efficiency of the most promising parameter settings. 

The best separation results, i.e., a separation of only fibres from AR=2 and AR=5 at the first 

and over the whole simulation duration, have been found in following cases: 
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Table 9: Cases with the best separation efficiency results. 

Case SCW+ α Δp+ 

SCW1.0_90_20_011 1.0 90° +0.35 

SCW0.5_90_20_009 0.5 90° +0.30 

SCW0.5_45_20_005 0.5 45° +0.25 

SCW0.5_45_20_006 0.5 45° +0.30 

 

It seems that for all cases with an angle of α = 45° a side channel width of SCW+ = 1 is too 

large, since for these cases (and different ∆p+ values) the separation efficiency curve is not 

satisfying, i.e., too flat.  

The results for the separation efficiency for the best parameter settings are plotted in higher 

detail in Fig. 37. The separation efficiencies at the first T-junction do not differ from the 

separation efficiencies over the whole simulation. Assuming that the separation of fibres of 

class AR=2 and AR=5 is acceptable, case SCW0.5_45_20_005 with a side channel width of 

SCW+ = 0.5, an angle α = 45°, and a pressure difference of ∆p+ = 0.25 seems to be the best 

choice to remove the fibres with the smallest number of T-junctions in a serial arrangement. 

Fig. 38 shows snapshots from the simulation of the optimal case (i.e., SCW0.5_45_20_005). 

These results indicate that only 2 to 4 % of the small particles are removed when considering 

one T-junctions. This suggests that a plurality (i.e., 50 or more) T-junctions are required to 

achieve a significant reduction of the fines content in a typical pulp. 

 

Fig. 37: Separation efficiency for best parameter settings. 
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Fig. 38: Dilute fibre suspension in a channel with a T-junction at optimal operating conditions (case: 
SCW0.5_45_dp0.25). Left panel: fibres at the beginning of the simulation at the inlet (t+=1). Right panel: T-junction, 

fibres from class AR = 2 and AR = 5 close to the bottom wall leave through the side channel (t+ = 116.5). 

5.3.1.3 Critical Separation Layer in the y+z+-Plane 

The simulation results presented in this chapter differ from the expected results, i.e., that 

presented in Chapter 5.1. This has two main reasons: 

 The critical separation line is not a straight line in the y+z+-plane, since the position of 

the fibres differ from y+ = 0 at which the critical separation line was determined in 

preliminary tests. 

 The orientation of the fibres is not always ideally in streamwise direction (θ = 180°, 

φ = 90°, i.e., the x+-direction) 

Thus, a more refined analysis is needed to quantify the exact topology of the critical 

separation layer in three-dimensional space. The critical separation line in the y+z+-plane is 

examined similar to the separation line in the x+z+-plane. Therefore, a plurality of fibres (of 

all classes) is placed in a C-shaped region in a plane whose normal is oriented in the x+-

direction (see Fig. 39). Furthermore, all fibres are oriented in the x+-direction. Results are 

displayed in Fig. 40, in which it can be clearly observed that the separation line in the y+z+-

plane is not straight: fibres near the corners of the channel can be further away from the side 

channel and still become separated. Surprisingly, this result is not affected by the shape of the 

fibres. This indicates that once the fibres have reached the frontal edge of the side channel, 

they follow the fluid’s streamlines, and hence are separated independent of their shape. In 

summary, for the separation the fibres, also their lateral (i.e., y+-) position is of crucial 

importance, and fibres must be re-positioned prior to the T-junction for an effective (i.e., 

shape-specific) separation. 
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Fig. 39: Schematic representation of the simulation setup to study the extension of the critical separation layer. Fibres 
are positioned in a C-shaped region over the whole cross section, and are oriented in the x+-direction.  

 

Fig. 40: Critical separation lines in the y+z+-plane for all fibre classes. Fibres are initially placed in the streamwise 
direction, and are injected just before the side channel at x+=-0.51 (case: SCW+=1, α=90°, ∆p+=0.35). 

As already criticized, the fibres are oriented in either the x+- or in y+-direction in preliminary 

simulations. However, the fibre orientation will differ from those ideal cases in practice. Fig. 

41 documents the orientation of all fibres passing the plane located at x+ = -0.51 the first time. 

It can be seen that the fibres are more likely to be oriented in the x+-direction, however, still 

differ from the streamwise-oriented fibers previously assumed. 
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Fig. 41: Orientation of all fibres at x+=-0.51 (case: SCW+=1, α=90°, ∆p+=0.35), all classes have the same width of 15 
degrees. 

5.3.1.4 The Influence of Baffles 

Now that the two main reasons for the deviation from an ideal separation are investigated, the 

idea of influencing at least one of these non-idealities seems to be logical. Hence, the 

orientation of the fibres should be favorably influenced, for example with comb-like internals, 

e.g., baffles near the inlet section of the channel. In the following considerations are made 

regarding the dimensioning of the baffles (see Fig. 42): 

 The baffles have to be thin enough to not influence fluid flow 

 The baffles distance has to be large enough so that very small fibres pass through and 

only the orientation of large fibres is influenced 

 The position of multiple baffles has to be slightly shifted in the flow direction to avoid 

a simple upward rolling of a fibre on two (or more) baffles 

 The inclination of the baffles has to be very small to avoid fibres to just bounce off, or 

form a rope that might plug the channel 

 The maximum height of each baffle has to be kept low to avoid that fibres are just 

lifted in a region far away from the separation layer 

 

Fig. 42: Geometry of a single baffle.  
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The baffles’ dimensions in the simulation and in the reference system are listed in Table 10. 

Note, the influence of the baffles on the fluid is neglected in the following simulations for 

simplicity.  

Table 10: Baffle dimensions. 

    Lbaffle
+ Hbaffle

+ Wbaffle
+ 

simulation [-] 10.0 0.1 0.02 
reference system [m] 5.0.10-2 5.0.10-4 1.0.10-4 

 

The positions of the three shifted baffles are shown in Fig. 43. In all simulated cases the baffle 

parameters are a = 6, b = 11 and c = 16.  

 

Fig. 43: Three shifted baffles in the inlet section of the channel. Top panel: side view of inlet section. Bottom panel: top 
view of inlet section. 

The influence of the baffles is shown for the base case in Fig. 44. For the ideal parameter 

setting the baffles have no noticeable influence on the separation efficiency, which can be 

explained by the fact that there are no large fibres (AR=10, 15, 20) separated anyway. For the 

other cases it can be observed that the baffles influence the separation efficiency. The 

separation efficiency curves actually do lie higher if baffles are utilized. However, it cannot 

be seen that large fibres are completely excluded from separation, at least not with this baffle 

dimensions and positioning. Thus, a more rigorous analysis of the effect of baffles on the fibre 

orientation is needed to profoundly judge on their advantages or drawbacks. 
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Fig. 44: Influence of baffles on the separation efficiency (case: Linlet
+=20, SCW+=1, α=90°, Δp+=0.35). Left panel: at first 

T-junction. Right panel: over the whole simulation time. 

5.4 Fibre Flock Behavior near a T-Junction 

As a next step the previously neglected fibre-fibre interaction is applied in the fibre-fines 

separation in a T-junction. Thus the prior generated fibre flock (φ = 1.0%, see chapter 3.2.5) 

holding five fibre types with a distribution according to Table 5 is prepared to be inserted in 

the T-junction. The fibre flock is placed at 1.5 dimensionless length units after the beginning 

of the main channel, the DEM time step is set to 10-7 and the coupling interval to 100. 

Unfortunately no numerically stable setup could be found, neither by giving the fibres an 

initial velocity according to the fluid velocity profile [46], nor by reducing the DEM time step 

to a small, but realistic, time increment. It was found that in all simulations the potential 

energy at the beginning of the simulation increased rapidly, followed by the kinetic energy. 

The fibres in the fibre flock were ejected from the simulation, even against the flow direction. 

It is assumed that the fibre flock data stored after the fibre flock generation is not precisely 

enough (insufficient number of decimal places), and that this incorrectness leads to significant 

overlaps of fibres in the flock. Unfortunately, this occurs when the flock is loaded into the T-

junction geometry. Thus, a work around strategy is used, by generating a fibre flock with 50% 

thicker fibres (larger dMinor and dMajor values), but storing the input data for the T-junction 

simulation with the correct smaller values. Unfortunately, this strategy was also unsuccessful, 

it seems as if the reloading of the fibre flock in the channel geometry is not precise enough or 

fibres in the fibre flock are too entangled. Hence a closer investigation of the numerical 

problem, and maybe even a flexible fibre model are needed, as has been done in previous 

studies ([34], [35]). 
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6 Mechanism behind Fibre-Fines Separation  

The mechanism behind the fibre-fines separation of a dilute suspension near a T-junction is 

mainly a combination of the height of the separated suspension layer, the fibre orientation and 

the fibre position. The separation layer removed by the side channel is directly influenced by 

the side channel dimensions, the angle between the side and the main channel, as well as the 

pressure difference set between the side channel’s and the main channel’s outlet. All fibres in 

the laminar flow field rotate, and their rotation rate increases with increasing distance from 

the center of the channel. Ideally, streamwise oriented fibres positioned close enough to the 

wall rotate, contact the wall, repel, and reposition themselves at exactly half their length from 

the wall. Differently oriented fibres might also touch the wall and reposition themselves, 

however, most likely at a position closer than half their length from the wall. Thus, a 

suboptimal fibre orientation leads to an unfavorable distribution of fibres over the cross 

section of the channel. For the fibre-fines separation it is preferred that only fibres from those 

fibre classes that need to be separated are within the region of the thin suspension layer 

removed by the side channel. Unfortunately, this cannot be always guaranteed due to a 

suboptimal fibre orientation. Furthermore, it should be considered that the height of this 

separated suspension layer varies over the cross section of the channel: near the corners of the 

side channel also fibres further away get drawn in, i.e., the critical separation line in the cross 

section is curved. Fibres that have the same distance to the wall, but are closer to a corner are 

more likely to get removed from the main channel. Hence, the fibre orientation is of high 

importance and should be the first parameter after ∆p+ that is influenced, e.g. by the usage of 

comb-like internals to align the fibres in streamwise direction.  
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7 Conclusions  

7.1 Key Achievements 

This thesis dealt with the virtual investigation of fibre-fines separation. OpenFOAM® 

simulations were performed to resolve the fluid flow in a T-junction geometry for different 

parameters. Due to symmetry problems, the meshing process was not only time consuming, 

but also led to a compromise to use a rather coarse mesh for the simulations. Thus, in this 

work only flows characterized by a rather low Reynolds number (Re=500) were investigated. 

One could criticize that the chosen mesh size is not fine enough to perform a DNS. However, 

here it is assumed that the error resulting from a (possible too) coarse mesh has no significant 

influence on key flow features, and thus has no significant influence on the predicted fibre-

fines separation.  

Subsequently, a fibre-fibre interaction model was introduced into the software tool 

LIGGGHTS® following the ideas of Lindström and Uesaka [31]. Subsequently, the model 

was used to generate a polydisperse fibre flock consisting of stiff fibres. The method used for 

the generation of the fibre-flock was a tri- or uni-axial deformation of a finite-sized cubical 

box. Fibres were initially randomly oriented in this box, and fluid flow was not considered. 

Such a dry method for flock preparation is not a realistic model for a flocculation process in 

reality, but is more a virtual trick to bypass the poorly characterized flocculation process [34]. 

The fibre flocks generated in this work are visually very similar to images taken from real 

stiff fibres (i.e., carbon fibres [49]). Unfortunately, fibres in the pulp and paper industry are 

often flexible [31], and thus the fibre flock generated virtually might differ in its properties 

from relevant fibre flocks used in the pulp and paper industry. However, the flock preparation 

strategy developed in this work is computationally rather efficient, and it was possible to 

investigate the effect of (virtual) flocculation conditions on the final fibre orientation 

statistics. The developed virtual flocculation processes can be easily adopted to study flexible 

fibres in the future. 

Finally, optimal parameter settings for the fibre-fines separation at a T-junction were 

determined based on CFDEM® simulations. The strategy consisted of the following steps: (i) 

simulations regarding the behavior of fibres (e.g., fibre rotation rates) in a laminar flow in a 

straight channel, (ii) simulations to determine the height of the separation layer, and (iii) 

evaluation of the separation performance of a dilute fibre-fines suspensions (considering no 

fibre-fibre interactions) in a T-junction. As expected, the behavior of fibres in laminar flow 
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showed perfect agreement with Jeffery’s analytical solution [45] for fibre rotation. The newly 

developed correlation between side channel angle and the separation layer thickness 

confirmed previous experimental work (i.e., [18], [19], [50]) in which a critical separation line 

was proposed.  

With the strategy developed in our work it was possible to find parameter settings that yield a 

perfect fibre-fines separation based on the particles’ aspect ratio. Specifically, we showed that 

fines (i.e., particles with an aspect ratio smaller than five) were separated at the T-junction, 

while all long fibres followed the flow in the main channel. This translates to a sharp 

separation of fines with a length < 1mm in a typical industrial application. Most important, 

similar separation curves were found in laboratory experiments, even at higher pulp 

concentrations [44]. This suggests that our simulations can provide at least qualitatively 

correct information, and can guide the design process of hydrodynamic fractionation devices. 

In conclusion, our key findings with respect to the optimal design of a flow fractionation 

device can be summarized as follows: 

 a three-dimensional separation layer forms, which is influenced by the pressure 

situation in the system. The shape of this separation layer determines whether 

particles are separated or not. Hence, it is possible to find an optimal set of 

geometrical and process parameters that maximizes the sharpness of cut when 

separating particles with a length < 1 mm in an HDF. 

 particle-wall interactions need to be taken into account, since they are the key 

separation mechanism in flow fractionation, 

 baffles in the inlet channel have an effect on separation performance, and can 

potentially help to improve the sharpness of cut. However, a more rigorous analysis 

of the effect of baffles on the fibre orientation is needed to determine optimal baffle 

parameters. 

7.2 Comparison with other Separation Technologies 

A comparison to the most competitive separation device (i.e., a pressure screen) is 

summarized in Table 11. Pressure screens work based on the principle of surface filtration, 

i.e., the fact that fibres are simply too large to pass through an opening. In the case of pressure 

screens, the rotation of the fibres is induced by the rotor wing, which also re-suspends the 

fibre mat forming on the slot basket. In contrast, HDF devices work with fluid-flow induced 

segregation in the channel prior, and not at, the T-junction. The fibres’ rotation is caused by 
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the fluid flow, not by rotor, and hence expected to require a substantially lower amount of 

energy. In both devices the separation of the small particles is done via side channels (or 

slots).  

Table 11: Comparison of hydrodynamic fractionation devices (HFD) versus pressure screens (PS, [12]). 

 
separation principle fibre rotation 

device 
geometry 

HDF 

fluid flow induced segregation: the 
suspension segregates due to wall-

interactions before side channel, the non-
homogeneous spatial distribution of fibres 
across the channel is used to only remove 

small particles  

induced by 
fluid flow  

serial T-
junctions 

with variable 
angles and 

widths 

PS 

surface area filtration: 
small particles exit via slots in the screen. 
Fibres form a fibre mat on the slot basket, 
and are re-suspended via the rotor wing. 

induced by 
rotor wing  

slot basket 
with different 

profiles  
 

7.3 Limitations and Outlook 

In general it was assumed that for all CFD-DEM simulations the impact of the fluid on the 

fibre is sufficient enough if determined only at the center of mass of each fibre. This 

assumption might not be correct especially for longer fibres. Furthermore, the influence of the 

fibres on the fluid was neglected, since the mass loading of fibres is of order 0.01 or less in 

typical applications. Although recent studies attempted to introduce a fibre-fluid back-

coupling strategy [51], we argue that including backcoupling would anyhow just be a first 

step to improve the predictions: when using unresolved CFD-DEM simulations, small-scale 

flow phenomena in the vicinity of the particles cannot be pictured directly, even when using 

backcoupling. Anyhow, addicting fibre-fluid back-coupling would be an interesting topic of 

future research. 

The simulation of a fibre flock near a T-junction could not be performed due to numerical 

instability. It is believed that (i) the fibres are strongly entangled, i.e., a stress build-up in the 

flock occurs, and (ii) that the current strategy to save the orientation information of the fibres 

in the flock is not accurate enough to re-initialize the flock correctly in the T-junction 

geometry. In future it would be interesting to implement a flexible fibre model and to improve 

the data storage of the fibre orientation. This would enable us studying fibre-fines separation 

of a fibre flock under the influence of fibre-fibre interaction. Furthermore, a variation of the 
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Reynolds number, i.e., the flow regime, with the mapping technique introduced in chapter 

3.1.4.2, as well as the usage of a finer mesh would be worth considering. 

Finally, the effect of fibre roughness (i.e., the presence of fibrils on the surface of the fibres) 

should be investigated. Unfortunately, for a proper determination of the roughness length, it is 

expected that a dedicated experimental device is needed, which was not present at the time 

this thesis was written. 
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Appendix A CFD Simulation  
 

A.1 Straight Channel  

For an a priori investigation of the fibres’ behavior in a laminar flow (i.e., the inlet channel of 

a T-junction) a CFD simulation in a straight channel geometry is performed. The cross section 

of the straight channel is identical to the cross section of the T-junction. The length of the 

straight channel Lstraight
+ is 50 (see Fig. 45). A laminar inlet profile (see chapter 3.1.4.1) is 

used.  For low Reynolds numbers (i.e., Re=500) no turbulences are expected thus the cell size 

in x+-direction is kept low. The mesh is generated with the OpenFOAM® tool blockMesh 

with a total cell count of 1.2 .105.  

 

Fig. 45: Straight channel geometry. Grey mesh: quantitative representation of the mesh cells and their size. 

In Table 12 and Table 13 the boundary conditions are summarized. The numerical schemes 

are identical to the schemes used for the T-junction (see chapter 3.1.3). 

Table 12: Straight channel: fluid pressure boundary conditions. 

patch Type inletValue value 
inC zeroGradient - - - - 
outC fixedValue - - uniform  0 
wall zerogradient - - - - 

 

Table 13: Straight channel:  fluid velocity boundary conditions. 

patch Type inletValue value 

inC fixedValue - - uniform (1 0 0) 
outC inletOutlet uniform (0 0 0) uniform (0 0 0) 

uniform (0 0 0) uniform (0 0 0) 
wall fixedValue - - uniform (0 0 0) 
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A.2 Discretization Schemes [38] 

 

To describe fluid motion mathematical formulations are needed. Those are mainly partial, 

non-linear differential equations based on the law of conservation for mass, momentum and 

energy, also known as Navier-Stokes Equations. Their general structure is: 

      Q
t    

   


u  (A.2.1) 

ρ is the density of the fluid, t stands for the time, φ represents any fluid parameter (e.g. fluid 

velocity u or temperature T), Г is the diffusion coefficient and Qφ represents sources and 

sinks (e.g., through particle-fluid interactions). The first term describes the change of φ over 

time, the second term stands for convective flux, the third for diffusive fluxes and the last 

term represents any sources and sinks. Through the specification of each term the three 

conservation laws can be generally described as: 

 mass conservation:   0
d

dt t

  
  


u  (A.2.2) 

 momentum conservation:      d
p

dt t
   

    


u u uu τ g  (A.2.3) 

 energy conservation:      p
h h

t t
  

     
 

u q τ u  (A.2.4) 

τ represents the shear stress tensor, p the pressure, g the gravity, h stands for the enthalpy and 

q is the heat flux. 

A.3 Pressure Loss 

 

To determine the pressure loss, the Bernoulli equation: 

, , ² ²

2 2  
       

   stat inC stat outCloss inC outC

Fluid Fluid Fluid

P PP u u
 (A.3.1) 

was applied [52]. The data needed for this equation, i.e., , /stat i fluidP    and <ūi> at the inlet 

and the outlet of the main channel, can be extracted from the OpenFOAM® simulations. 

Note, that time- and spatial averaging over the inlet and outlet plane was applied. 
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A.4 Volumetric Flow Fraction 

 

The volumetric flow fraction Φ+ is defined as: 

2

 




     
   

     




outJ outJ outJ outJ

outC outC outC outC

V u A u L SCW

V u A u L
 (A.4.1) 

The time-averaged velocities <ūi> are averaged over the outlet planes outC and outJ, and the 

multiplied with each plane’s cross section area Ai. 

A.4.1 Relationship between Pressure and Volumetric Flow Fraction 

As seen in Fig. 18, the volumetric flow fraction Φ+ is larger than zero if ,outJ statP = 0. To 

model the correlation between volumetric flow fraction and the pressure at the outlets, the 

following assumptions are made: 

 pressure drop 
n k r

i
m

u L µ
p

H

 
   (yielding the Hagen–Poiseuille equation [14] for m 

= 2, n = 1, k = 1, r = 0, or a quadratic pressure loss typical for turbulent flow in case m 

= 1, n = 2, k = 0, r = 1) 

 the loss coefficient in the main channel is channel    

 the loss coefficient in the side channel is '
J J     

Here <ūi> indicates time-averaged velocities at one of the two outlets, L stands for the length 

of a straight channel part, µ is the dynamic viscosity,  is the fluid density, and H is the 

hydraulic diameter. The hydraulic diameter is defined as H=4A/U [14], where A is the 

crosssectional area, and U is the perimeter of the cross section of the main channel (index 

“C”), or the side channel (index “J”). 

 

4 4

4

4 4 2

2

 




   

  

  

  


c

j

A L L
H L

U L

A L SCW L SCW
H

U L SCWL SCW

 (A.4.2) 

The pressure at the crossing point of the main and side channel can now be defined with the 

usage of the generalized pressure drop model introduced above. Specifically, a Bernoulli 

equation [52] is established in the following from (i) the beginning of the outlet section of the 

main channel to the end of the outlet section, and (ii) from the beginning of the side channel 

to the side channel outlet. 
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Our simulations indicate an uneven split of the flow in case no pressure difference is applied 

to the channel outlets. Thus, we need to consider the dynamic pressure (associated with the 

incoming flow) acting differently on the two outlet channels. Specifically, we use two 

indicator variables, i.e., m, J, to account for this.  

Finally, the Bernoulli equation for the main and side channel is, respectively: 

, , 1

0

² ²
 

2 2

n
main junction stat outC k rinC outC outC outC

m m
Fluid Fluid

P Pu u u L

L
   

 






      
   



 (A.4.3) 
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      (A.4.4) 

By combining equations (A.4.3) and (A.4.4) we arrive at: 
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 (A.4.5) 

We can now isolate the loss coefficient  associated with the main channel: 
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Similarly, the volumetric flow fraction (note, that this is an implicit relationship) can be 

extracted: 

   

 
 

1

²
2 2

1

inCm n m nm J m
outC

nn m m n
k rinCoutJ J

u
pLL SCW

L uL L SCW µ

 

  

  


  


 
     

   
   

     

 (A.4.7) 

These relationships explains why the volumetric flow fraction Φ+ can be greater than zero 

even if ,outJ statP =0, as well as helps to understand the effect of the outlet channel length on 

the split of the flow. By fitting the parameters  and J to simulation (or experimental) data, it 

is now possible to calculate + for any combination of geometrical and operating parameters 

of the channel.  
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A explorative comparison of the simulation data with predictions made with the above model 

indicates that choosing 0J  , 1m  , and assuming a pressure drop typical for laminar flow, 

yields the best agreement between simplified model and detailed simulations. 

A.5 Dimensionless Wall Distance y+ 

 

If DNS is used, it is important that the mesh grid, which is used in the simulation, is fine 

enough to resolve the whole flow, especially in wall regions, where large gradients in the 

solution appear due to viscous effects, the mesh grid might need to be finer. Generally the 

near-wall region of large gradients is divided into layers and the description of the size of 

each of these layers is done by the dimensionless wall distance y+: 

wu y
y u




 
    (A.5.1) 

with uτ  the friction velocity, y the normal distance from the wall, ν the kinematic viscosity of 

the fluid, τw the wall shear stress and ρ the fluid density [20]. The near-wall region is mainly 

divided in viscous sublayer y+< 5, buffer layer 5<y+<30 and fully turbulent/log-region layer 

y+>30 to 60 [53]. In DNS the rule of thumb for a fine enough mesh grid near the wall is y+<1 

[54].  
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A.6 CFD Benchmark Simulation Data 

A.6.1 Detailed Case Data 

Following Tables hold all CFD case settings and results. 

Table 14: CFD Cases Simulation Data Part 1. 

Case #cells Re Loutlet
+ Lintlet

+ SCW+ α Δp+ t+
ave,start t+

ave t+
tot  Φ+ pLoss

+/+ 

SCW1.0_90_20_001 1.56E+05 500 6.0 20.0 1.0 90° -0.30 330 330 660 0.1216 1.2037 
SCW1.0_90_20_002 1.56E+05 500 6.0 20.0 1.0 90° -0.20 330 330 660 0.1004 1.2271 
SCW1.0_90_20_003 1.56E+05 500 6.0 20.0 1.0 90° -0.10 330 330 660 0.0801 1.2583 
SCW1.0_90_20_004 1.56E+05 500 6.0 20.0 1.0 90° 0.00 330 330 660 0.0613 1.2984 
SCW1.0_90_20_005 1.56E+05 500 6.0 20.0 1.0 90° +0.05 330 330 660 0.0523 1.3215 
SCW1.0_90_20_006 1.56E+05 500 6.0 20.0 1.0 90° +0.10 330 330 660 0.0437 1.3463 
SCW1.0_90_20_007 1.56E+05 500 6.0 20.0 1.0 90° +0.15 330 330 660 0.0354 1.3724 
SCW1.0_90_20_008 1.56E+05 500 6.0 20.0 1.0 90° +0.20 330 330 660 0.0274 1.3996 
SCW1.0_90_20_009 1.56E+05 500 6.0 20.0 1.0 90° +0.25 330 330 660 0.0196 1.4277 
SCW1.0_90_20_010 1.56E+05 500 6.0 20.0 1.0 90° +0.30 330 330 660 0.0121 1.4565 
SCW1.0_90_20_011 1.56E+05 500 6.0 20.0 1.0 90° +0.35 330 330 660 0.0049 1.4858 

SCW1.0_90_20_012 1.56E+05 500 6.0 20.0 1.0 90° +0.40 330 330 660 0.0000 1.5134 

SCW1.0_90_40_007 1.96E+05 500 6.0 40.0 1.0 90° +0.15 350 310 660 0.0355 2.4994 
SCW1.0_90_40_008 1.96E+05 500 6.0 40.0 1.0 90° +0.20 350 310 660 0.0274 2.5266 
SCW1.0_90_40_009 1.96E+05 500 6.0 40.0 1.0 90° +0.25 350 106 456 0.0197 2.5547 
SCW1.0_90_40_010 1.96E+05 500 6.0 40.0 1.0 90° +0.30 350 286 636 0.0122 2.5835 
SCW1.0_90_40_011 1.96E+05 500 6.0 40.0 1.0 90° +0.35 350 310 660 0.0049 2.6128 

SCW0.5_90_20_001 1.28E+05 500 6.0 20.5 0.5 90° -0.20 242 242 484 0.0556 1.1319 
SCW0.5_90_20_002 1.28E+05 500 6.0 20.5 0.5 90° -0.10 242 242 484 0.0457 1.1345 
SCW0.5_90_20_003 1.28E+05 500 6.0 20.5 0.5 90° 0.00 242 242 484 0.0358 1.1375 
SCW0.5_90_20_004 1.28E+05 500 6.0 20.5 0.5 90° +0.05 242 242 484 0.0308 1.1391 
SCW0.5_90_20_005 1.28E+05 500 6.0 20.5 0.5 90° +0.10 242 242 484 0.0258 1.1408 
SCW0.5_90_20_006 1.28E+05 500 6.0 20.5 0.5 90° +0.15 242 242 484 0.0209 1.1426 
SCW0.5_90_20_007 1.28E+05 500 6.0 20.5 0.5 90° +0.20 242 242 484 0.0159 1.1445 
SCW0.5_90_20_008 1.28E+05 500 6.0 20.5 0.5 90° +0.25 242 242 484 0.0110 1.1464 
SCW0.5_90_20_009 1.28E+05 500 6.0 20.5 0.5 90° +0.30 242 242 484 0.0061 1.1484 

SCW0.5_90_40_006 1.68E+05 500 6.0 40.5 0.5 90° +0.15 350 310 660 0.0209 2.5532 
SCW0.5_90_40_007 1.68E+05 500 6.0 40.5 0.5 90° +0.20 350 106 456 0.0160 2.5719 
SCW0.5_90_40_008 1.68E+05 500 6.0 40.5 0.5 90° +0.25 350 106 456 0.0110 2.5912 

SCW1.0_45_20_001 1.56E+05 500 6.0 20.0 1.0 45° 0.00 330 330 660 0.0513 1.3261 
SCW1.0_45_20_002 1.56E+05 500 6.0 20.0 1.0 45° +0.10 330 330 660 0.0372 1.3671 
SCW1.0_45_20_003 1.56E+05 500 6.0 20.0 1.0 45° +0.15 330 330 660 0.0302 1.3899 
SCW1.0_45_20_004 1.56E+05 500 6.0 20.0 1.0 45° +0.20 330 330 660 0.0234 1.4140 
SCW1.0_45_20_005 1.56E+05 500 6.0 20.0 1.0 45° +0.25 330 330 660 0.0166 1.4392 
SCW1.0_45_20_006 1.56E+05 500 6.0 20.0 1.0 45° +0.30 330 330 660 0.0100 1.4653 
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Table 15: CFD Cases Simulation Data Part 2. 

Case #cells Re Loutlet
+ Lintlet

+ SCW+ α Δp+ t+
ave,start t+

ave t+
tot  Φ+ pLoss

+/+ 

SCW1.0_45_40_001 1.96E+05 500 6.0 40.0 1.0 45° 0.00 350 310 660 0.0513 2.4531 
SCW1.0_45_40_002 1.96E+05 500 6.0 40.0 1.0 45° +0.10 350 310 660 0.0372 2.4940 
SCW1.0_45_40_003 1.96E+05 500 6.0 40.0 1.0 45° +0.15 350 310 660 0.0303 2.5168 
SCW1.0_45_40_004 1.96E+05 500 6.0 40.0 1.0 45° +0.20 350 310 660 0.0234 2.5409 
SCW1.0_45_40_005 1.96E+05 500 6.0 40.0 1.0 45° +0.25 350 310 660 0.0166 2.5662 
SCW1.0_45_40_006 1.96E+05 500 6.0 40.0 1.0 45° +0.30 350 310 660 0.0100 2.5922 

SCW0.5_45_20_001 1.28E+05 500 6.0 20.5 0.5 45° 0.00 330 330 660 0.0242 1.4142 
SCW0.5_45_20_002 1.28E+05 500 6.0 20.5 0.5 45° +0.10 330 330 660 0.0175 1.4389 
SCW0.5_45_20_003 1.28E+05 500 6.0 20.5 0.5 45° +0.15 330 330 660 0.0141 1.4520 
SCW0.5_45_20_004 1.28E+05 500 6.0 20.5 0.5 45° +0.20 330 330 660 0.0107 1.4655 
SCW0.5_45_20_005 1.28E+05 500 6.0 20.5 0.5 45° +0.25 330 330 660 0.0073 1.4794 
SCW0.5_45_20_006 1.28E+05 500 6.0 20.5 0.5 45° +0.30 330 330 660 0.0039 1.4936 

SCW0.5_45_40_001 1.68E+05 500 6.0 40.5 0.5 45° 0.00 350 310 660 0.0242 2.5412 
SCW0.5_45_40_002 1.68E+05 500 6.0 40.5 0.5 45° +0.10 350 310 660 0.0175 2.5659 
SCW0.5_45_40_003 1.68E+05 500 6.0 40.5 0.5 45° +0.15 350 310 660 0.0141 2.5790 
SCW0.5_45_40_004 1.68E+05 500 6.0 40.5 0.5 45° +0.20 350 310 660 0.0107 2.5926 
SCW0.5_45_40_005 1.68E+05 500 6.0 40.5 0.5 45° +0.25 350 310 660 0.0073 2.6064 
SCW0.5_45_40_006 1.68E+05 500 6.0 40.5 0.5 45° +0.30 350 310 660 0.0039 2.6206 
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A.6.2 Laminar Inlet Profile 

For the generation of laminar inlet profiles following utility settings are used: 

/*--------------------------------*- C++ -*----------------------------------*\  
| =========                 |                                                 |  
| \\      /  F ield         | OpenFOAM: The Open Source CFD Toolbox           |  
|  \\    /   O peration     | Version:  2.1.1                                 |  
|   \\  /    A nd           | Web:      www.OpenFOAM.org                      |  
|    \\/     M anipulation  |                                                 |  
\*---------------------------------------------------------------------------*/  
FoamFile  
{  
    version     2.0;  
    format      ascii;  
    class       dictionary;  
    location    "system";  
    object      setInletVelocityDict;  
}  
// * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * //  
 
patch inC; // specifies the name of the inlet patch 
center  (-2.5 0.0 0.0); // specifies the center of the inlet patch 
 
N       20;        // number of terms when approximating infinite sum (I am sure 20 
is unnecesarily high but...) 
u_av    1.0;       // average inlet velocity 
heightDir (0 1 0); // specifies the direction in which 'height' is measured 
widthDir  (0 0 1); // specifies the direction in which 'width' is measured. must be 
perpendicular to heightDir 
height    1.0;       // total length of inlet channel along the axis defined by the 
exit flow (i.e.. x. I have been calculating Re based on this dimension) 
width     1.0;       // total length of inlet channel along the axis perpendicular 
to the exit flow (i.e.. z. for large aspect ratios. this gets bigger) 
radius    0.5; 
isRectangular;      //set if you want to set for a rectangular geometry. if not 
set. patch is assumed to be circular 
// ************************************************************************* // 
 

A.6.3 Mapped Inlet Profile 

To realize a mapped inlet condition following OpenFOAM® input needs to be provided: 

0/U 

/*--------------------------------*- C++ -*----------------------------------*\ 
| =========                 |                                                 | 
| \\      /  F ield         | OpenFOAM: The Open Source CFD Toolbox           | 
|  \\    /   O peration     | Version:  2.3.0                                 | 
|   \\  /    A nd           | Web:      www.OpenFOAM.org                      | 
|    \\/     M anipulation  |                                                 | 
\*---------------------------------------------------------------------------*/ 
FoamFile 
{ 
    version     2.0; 
    format      ascii; 
    class       volVectorField; 
    location    "0"; 
    object      U; 
} 
// * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * // 
 
dimensions      [0 1 -1 0 0 0 0]; 
 
internalField   uniform (0 0 0); 
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boundaryField 
{ 
    inC 
    { 
        type                mapped; 
        value               uniform (1 0 0); 
        interpolationScheme cell; 
        setAverage          true; 
        average             (1 0 0); 
    } 
 
    outC 
    { 
        type            inletOutlet; 
        inletValue      uniform (0 0 0); 
        value           uniform (0 0 0); 
    } 
    outJ 
    { 
        type            inletOutlet; 
        inletValue      uniform (0 0 0); 
        value           uniform (0 0 0); 
    } 
    wallPatch 
    { 
        type            fixedValue; 
        value           uniform (0 0 0); 
    } 
} 
// ************************************************************************* // 
 

constant/blockMeshDict 

/*--------------------------------*- C++ -*----------------------------------*\ 
| =========                 |                                                 | 
| \\      /  F ield         | OpenFOAM: The Open Source CFD Toolbox           | 
|  \\    /   O peration     | Version:  2.2.1                                 | 
|   \\  /    A nd           | Web:      www.OpenFOAM.org                      | 
|    \\/     M anipulation  |                                                 | 
\*---------------------------------------------------------------------------*/ 
FoamFile 
{ 
    version     2.0; 
    format      ascii; 
    class       dictionary; 
    object      blockMeshDict; 
} 
// * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * // 
 
convertToMeters 1; 
 
//Channel heigh and width 
lwp 0.5; //Halth width. +x2 
lwm -0.5; //Halth width. -x2 
lhp  0.5; //Halth height. +x3 
lhm -0.5; //Halth height. -x3 
nw 20; //Number cells width. x2 
nh 20; //Number cell height. x3 
 
//Channel main segments: a. b. c 
lai -2.5; //negative x1 position of segment a 
lci -0.5; //negative x1 position of segment c 
lco 0.5; //positive x1 position of segment c 
lbo 6.5; //positive x1 position of segment b 
na 40; //Number of cells of a. x1 
nc 20; //Number of cells of c. x1 
nb 120; //Number of cells of b. x1 
 
vertices 
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( 
    ($lai $lwm $lhm) //0 
    ($lci $lwm $lhm) //1 
    ($lci $lwp $lhm) //2 
    ($lai $lwp $lhm) //3 
 
    ($lai $lwm $lhp) //4 
    ($lci $lwm $lhp) //5 
    ($lci $lwp $lhp) //6 
    ($lai $lwp $lhp) //7 
 
    ($lco $lwm $lhm) //8 
    ($lbo $lwm $lhm) //9 
    ($lbo $lwp $lhm) //10 
    ($lco $lwp $lhm) //11 
 
    ($lco $lwm $lhp) //12 
    ($lbo $lwm $lhp) //13 
    ($lbo $lwp $lhp) //14 
    ($lco $lwp $lhp) //15 
); 
 
blocks 
( 
    hex (0 1 2 3 4 5 6 7) ($na $nw $nh) simpleGrading (1 1 1) 
    hex (1 8 11 2 5 12 15 6) ($nc $nw $nh) simpleGrading (1 1 1) 
    hex (8 9 10 11 12 13 14 15) ($nb $nw $nh) simpleGrading (1 1 1) 
); 
 
edges 
( 
); 
 
boundary 
( 
    inC 
    { 
        type   mappedPatch; // see pitzDailyMapped Case 
        offset          ( 6 0 0 ); 
        sampleRegion    region0; 
        sampleMode      nearestCell; 
        samplePatch     none; 
        faces           ((0 4 7 3)); 
    } 
    outC 
    { 
        type            patch; 
        faces           ((9 10 14 13)); 
    } 
    outJ 
    { 
        type            patch;   
        faces           ((1 8 11 2));  
    } 
     
    sideWall 
    { 
      type   wall; 
      faces  ( 
 (0 1 5 4) 
 (1 8 12 5) 
 (8 9 13 12) 
  
 (3 2 6 7) 
 (2 11 15 6) 
 (11 10 14 15) 
   ); 
    } 
     
    bottomWall 
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    { 
      type   wall; 
      faces  ( 
 (4 5 6 7) 
 (5 12 15 6) 
 (12 13 14 15)  
 (0 1 2 3) 
 (8 9 10 11)  
   ); 
    }       
); 
 
mergePatchPairs 
( 
); 
// ************************************************************************* // 
 
 

constant/boundary 

The usage of the settings in the blockMeshDict results in following boundary conditions: 

/*--------------------------------*- C++ -*----------------------------------*\ 
| =========                 |                                                 | 
| \\      /  F ield         | OpenFOAM: The Open Source CFD Toolbox           | 
|  \\    /   O peration     | Version:  2.3.0                                 | 
|   \\  /    A nd           | Web:      www.OpenFOAM.org                      | 
|    \\/     M anipulation  |                                                 | 
\*---------------------------------------------------------------------------*/ 
FoamFile 
{ 
    version     2.0; 
    format      ascii; 
    class       polyBoundaryMesh; 
    location    "constant/polyMesh"; 
    object      boundary; 
} 
// * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * // 
 
4 
( 
    inC 
    { 
        type            mappedPatch; 
        inGroups        1(mappedPatch); 
        nFaces          400; 
        startFace       452000; 
        sampleMode      nearestCell; 
        sampleRegion    region0; 
        samplePatch     none; 
        offsetMode      uniform; 
        offset          (6 0 0); 
    } 
    outC 
    { 
        type            patch; 
        nFaces          400; 
        startFace       452400; 
    } 
    outJ 
    { 
        type            patch; 
        nFaces          400; 
        startFace       452800; 
    } 
    wallPatch 
    { 
        type            wall; 
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        inGroups        1(wall); 
        nFaces          30800; 
        startFace       453200; 
    } 
) 
// ************************************************************************* // 

A.6.4 Comparison of Laminar and Mapped Inlet Profiles 

Sample lines are taken during the simulations. Here the results of two sample lines, one at the 

main channel inlet along the y+-axis ([-2.49 -0.5 0.0] – [-2.49 0.5 0.0]) and one at the main 

channel inlet along the z+-axis ([-2.49 0.0 -0.5] – [-2.49 0.0 0.5]), are shown. The ±5% curves 

are calculated by adding ±5% to the laminar curve data. It can be seen that the results for the 

laminar inlet and the mapped inlet (Re=500) are very similar. 

 

 

Fig. 46: Comparison of the pressure and the time-averaged pressure along a sample line. Top: sample line in y+-
direction. Bottom: sample line in z+-direction (case: SCW1.0_90_20_10) 
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Fig. 47: Comparison of the velocities and the time-averaged velocities along a sample line. Top: sample line in y+-
direction. Bottom: sample line in z+-direction (case: SCW1.0_90_20_10) 
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A.6.5 Steady State Case SCW1.0_90_20_10 

The approach to steady state over ~28.103 iterations or 330 dimensionless time units is shown 

in Fig. 48 and Fig. 49. 

 

Fig. 48: Residuals over ~28.103 iterations.  
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Fig. 49: Velocity and pressure at different probe positions in T-junction. 1st row: Velocity components in x+-, y+-, z+- 
direction at the beginning and the end of the main channel. 2nd row: Velocity components in x+-, y+-, z+- direction at 
the end of the side channel and right at the beginning of the junction. 3rd row: Velocity components in x+-, y+-, z+- 

direction right at the end of the junction and the area-averaged pressure at the inlet of the main channel.
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Appendix B Fibre Motion  
 

The translational and rotational fibre motion can be described by using Newton’s Equation of 

motion, which can be written as [29], [31]:  

 m
t t

 
  

 
h c h cv

F + F I ω T + T  (B.1.1) 

As explained in chapter 3.2.1 the fibres are assumed to be rigid spherocylinders for the 

contact force calculations, but for the hydrodynamic force model the fibres are assumed to be 

prolate spheroids. To now link those two geometries Cox’s equation [36] for replacing a 

cylindrical fibre (length dMajor=l, diameter dMinor=d) with a prolate spheroid (same length 

dMajor=l, half-length of the minor axis b), is used: 

ln

2.48

ild
db   (B.1.2) 

Newton’s Equation of motion can then be resolved with mi = 4/3 π ρ dMajor dMinor² representing 

the mass of the fibre, v the velocity vector in its center of mass, t the time, I the tensor of 

inertia, Fh and Th the force and the torque due to hydrodynamic forces, Fc and Tc the force 

and the torque resulting from collisions [29], [31]. Body forces, e.g. gravity, are neglected. 

B.1 Eccentricity of Prolate Spheroids 

The deviation from the prolate spheroid from a sphere is described by the eccentricity [55]. 

Lindström [31] describes the eccentricity of a prolate spheroid by: 

2

2
1

b
e

a
   (B.1.3) 

The eccentricity parameters needed for the hydrodynamic force and torque calculations as: 

1
( ) ln

1

e
L e

e

    
 (B.1.4) 

  13 28
2 (1 ) ( )

3
A e e e L eX e


       (B.1.5) 

    13 2 24
1 2 (1 ) ( )

3
C eX e e e e L e


       (B.1.6) 



Appendix B  Fibre Motion  78 

  13 216
2 (3 1) ( )

3
AY e e e L ee


      (B.1.7) 

    13 2 24
2 2 (1 ) ( )

3
C eY e e e e L e


        (B.1.8) 

  15 24
2 (1 ) ( )

3
HY e e e L ee


       (B.1.9) 

B.2 Hydrodynamic Force Fh and Torque Th 

 

If the particle Reynolds number Rep is small, the hydrodynamic drag forces are dominated by 

viscous effects and the inertial effects can be neglected (Fh = Fv). 

B.2.1 Viscous Effects 

Lindström [31] describes the force and the torque as follows: 

[ ]v v  F A u v  (B.2.1) 

[ ]v v v    T C Ω ω H γ  (B.2.2) 

Av, Cv, Hv are hydrodynamic resistance tensors for the viscous effects: 
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 (B.2.3) 

  is the rate of the strain tensor   =[u+(uT)]/2, u and v are the fluid and fibre velocity and 

Ω  and ω are the angular velocity of the fluid and the fibre, all at the center of mass of the 

prolate spheroid,  and  are the unit tensor and the permutation tensor.  

B.3 Contact Forces Fc and Torque Tc 

 

An established model to determine the contact force Fc on particles, in granular systems in 

DEM, is the linear spring-dashpot model in normal and tangential direction of a contact [26], 

[39]. The general contact force in a spring-dashpot model for two interacting particles i and j 

is given by: 
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normal normal rel. tangential tangetial
overlap velocity overlap rel.velocity

normal force tangential force 
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 (B.3.1) 

The force consists of a normal Fn and a tangential Ft force. Both can be decomposed in a 

linear repulsive and a linear dissipative force, with a spring stiffness in normal and tangential 

direction kn and kt, a viscous damping coefficient in normal and tangential direction γn and γt, a 

relative velocity in normal vnij and tangential vtij direction, and the overlap in normal δnij and 

tangential δtij direction [26], [56]. 

In our model which is based on LIGGGHTS® Hooke/Stiffness-model [56],  two regions have 

to be distinguished for the linear-spring-dashpot model, the roughness layer region 

surrounding each fibre (see chapter 3.2.2) and the fibre region in which an actually overlap of 

the fibres occurs. The considered forces in our model are illustrated in Fig. 50. The basis of 

the model are taken from Lindström [31]. 

 

Fig. 50: Schematic representation of linear spring-dashpot model used for fibre interaction. Graphic design taken 
from Goniva [57]. 

B.3.1 Contact Forces in the Roughness Layer Region 

In this region there is only a spring force in normal direction used Fn.s.roughness, there is no 

tangential force or damping in normal direction considered. The value of the spring constant 

is a factor (kn xstiffness) of the spring constant used for the fibre region. The normal spring force 

in the roughness layer is thus be calculated by: 

n stiffness roughnessk x n,s,roughness ijF n  (B.3.2) 
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B.3.2 Contact Forces in the Fibre Contact Region 

In this region the fibres are actually overlapping, they have passed the roughness layer 

completely. In our model there is a spring force and a damping (dashpot) force in normal 

direction, but in tangential direction there is only a damping (dashpot) force.  

Normal Force 

The total normal force is the sum of the normal spring and the normal tangential force: 

n n,s n,tF = F F  (B.3.3) 

The normal spring force is the sum of the normal spring force from the roughness layer region 

and the normal spring force from the fibre region: 

n,s n,s,roughness n,s,fibreF = F +F  (B.3.4) 

The normal spring force in the fibre region is determined by: 

n fibrek n,s,fibre ijF n  (B.3.5) 

The damping force in normal direction is calculated by: 

t n,d n,d,fibre ijF F vt  (B.3.6) 

Tangential Force 

The tangential force consists only of a damping force/ frictional force, there is no spring force 

determined. The tangential damping force is limited by the possible frictional force, with xµ 

being the friction coefficient. 

t x t t,d ij t,d nF = F = vt F F  (B.3.7) 

So now the total contact force is:  

c
n tF = F + F  (B.3.8) 

Torque 

The torque on the fibre due to the contact is determined by the cross product of the distance 

from the contact point to the center of mass and the force acting on the contact point: 

c cT = r × F   (B.3.9) 

Note, this is used for fibre-fibre and fibre-wall interaction. 
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B.4 Lubrication Force 

 

The lubrication force is based on Lindström’s lubrication force model [31]. In this model the 

lubrication force of two interacting cylinders i and j is described (see Fig. 51). This model can 

also be used for cylinder wall collisions. The lubrication force is limited to avoid instability in 

the simulation if two particles’ distance and angle is close to zero, thus two cases are 

distinguished. 

 

Fig. 51: Two approaching cylinders. Left panel: cylinders are non-parallel, angle α. Right panel: cylinders are 
parallel. 

The effective radius used to calculate the lubrication force can be determined by: 

2
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 (B.4.1) 

with ri and rj being the radius of the two cylinders. Under consideration of the limiter the 

lubrication force can thus be determined as: 
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lubFlubF d  (B.4.5) 

Here d is the distance between the closest points, α the angle between the cylinders, η the 

viscosity of the fluid, L the infinite length of the cylinders. 

B.5 Contact Point Detection  

 

In Appendix B the forces and torques due to fibre-fibre and fibre-wall interactions are 

described. In this chapter it is shown how the closest distance between two fibres or a fibre 

and a wall and therefore a possible contact is determined. The code used for the computation 

of the distances and contacts is based on Schneider and Eberly [30].  

B.5.1 Line-Line Distance 

To determine the distance between two fibres and their contact, the fibres can be simplified 

with the spherosimplicies method [28] as line segments [29]. Line segments can be described 

by a basis point Pi, a direction di and a length s (or t), e.g. two line segments are: L0(s) = P0 + 

sd0 and L1(t) = P1+ t d1. The two points, one on each line segment, with the smallest distance 

are Q0 and Q1. The length of the vector v=Q0-Q1 represents the smallest distance (see Fig. 

52).  

 

Fig. 52: Distance between two line segments [30]. 

The first step to find the distance and a possible contact point is to determine whether the two 

line segments are parallel or not. This can be done by calculating the dot product of the two 
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orientation vectors d0 and d1. If d0·d1=0 then the two lines are parallel, if d0·d1≠0 then they 

are non-parallel. In both cases the minimum distance is determined by minimizing the square 

distance function Q(s,t): 

2 2
1( , ) (s) L ( ) 2 ² 2 2oQ s t L t as bst ct ds et f         (B.5.1) 

with a = d0·d0, b = -d0·d1, c = d1·d1, d = d0·(P0-P1), e = d1·(P0-P1), f =( P0-P1)·( P0-P1). 

Although depending on whether the two lines are parallel or not, the function is either a 

parabolic cylinder (ac-b²=0) or a paraboloid (ac-b²>0). Also, it needs to be considered that 

mathematically a line segment is a specific part of a line, which restricts the domain for s and 

t to [0,1] (see Fig. 53 left panel), hence the square distance function needs to be minimized 

over a unit square [0,1]² [30]. 

 

Fig. 53: Left panel: domain for s and t. Right panel: Domain region 0 for s and t and boundary domains region1-8 
[30]. 

Non-Parallel Line Segments 

In case of non-parallel line segments the minimum of Q is at sc=(be-cd)/(ac-b²) and tc=(bd-

ae)/(ac-b²). The minimum distance is thus be found if sc and tc are within their domain [0,1] 

(region 0), which represents points with minimum distance within the line segments. 

Otherwise sc and tc are at one of the boundaries of the square domain (see Fig. 53 right panel), 

here the region 1-8 need to be distinguished. Regions 1-8 represent the situation that either 

both or one of the closest points is at the end point of a line segment. 

Parallel Line Segments 

The two line segments lie on parallel lines, so that line segment L1 can be projected on L0 to 

describe the end point of the second line segment as P1=P0+σ0d0+u0, with u0 being orthogonal 

to d0 and σ0=- d/a. Further P1+d1=P0+σ1d0+u1, with u1 being orthogonal to d0 and σ1=-( 

b+d)/a. If the relative position [min(σ0, σ1), max(σ0, σ1)] is now within [0,1] then there are 

multiple possible points for the minimum distance, otherwise the minimum distance is located 

at the end points. 
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In both cases, parallel and non-parallel, the points with the closest distance within the line 

segment (or at the end of the line segments) can thus be found. If two fibres i and j approach 

each other and the distance between the closest points becomes less than dMinor,i/2+lroughness,i + 

dMinor,j/2+lroughness,j a contact occurs. 

B.5.2 Line-Triangle Distance 

Similar to the line-line distance and contact determination, the fibre-wall determination also 

uses the method of spherosimplicies [28]. Herby the fibre is again described as a line segment 

L(t)=P0+td, while the wall is represented by a triangle [29] T(u,v)=V0+ue0+ve1 with e0=V1-V0 

and e1=V2-V0, where Vi are the vertices of the triangle (see Fig. 54). All points within the 

triangle can then be represented by u and v with 0 ≤ u, v ≤ 1 and u + v ≤ 1[30].  

 

Fig. 54: Line-triangle distance determination [30]. 

The first step is again to check whether the line and the triangle are parallel. This can be done 

by calculating the normal vector on the triangle and its plane n=e0xe1 and generating the dot 

product between the normal vector n and the direction vector of the line segment d. If the dot 

product is greater than zero, an interaction between the line and the plane might occur, but not 

necessarily of the line and the triangle, which is just part of the plane [30], [58]. 

 

Fig. 55: Line-triangle contact determination [30], [58]. 
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The smallest distance is again determined by a minimization of the squared distance function: 

min

2
Q(u, v, t) = T(u, v) - L(t)  (B.5.2) 

Compactly written as: 

2 2 2
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 (B.5.4) 

Similar to the line-line approach the solution for u, v, t can mathematically be expressed in a 

three-dimensional result domain (see Fig. 56). In region 0 the closest points are within the line 

segment and within the triangle. In region 1-6 the line segment does not intersect the triangle, 

this can either be because the line segment and the triangle are parallel or the interaction point 

is on the plane outside the triangle. In both cases the closest point is on one of the three edges 

of the triangle, thus the minimum distance from all three edges to the line segment needs to be 

determined and the smallest gives then the closest points [30]. 

 

Fig. 56: Three dimensional solution space for line-triangle distance determination [30]. 
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If the two closest points on the line segment and the triangle are determined and the distance 

between those two points is less than dMinor/2+lroughness a contact occurs [29].  
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Appendix C DEM Simulation  
 

C.1 Fibre-Fibre Interaction Test Case 

To verify the fibre-fibre interaction LIGGGHTS® code (i.e., the numerical solution), 

implemented by S. Radl [29], an analytical solution for fibre-fibre collisions is used. 

In the 2D analytical solution two identical fibres, referred to as fibre A and fibre B, collide in 

the x+z+-plane (rotation only around the y+-axis). Fibre A has its center of mass cmA at the 

origin of the world coordinate system (x+, y+, z+). The center of mass of fibre B cmB differs 

due to the angle α between the two fibres. Both fibres have initial (pre-collision) velocities 

vA1, vB1 and initial (pre-collision) angular velocities ωA1, ωB1. 

Generally the analytical solution is divided into two sections. First the collision point Pα as a 

function of the angle α between the two center lines of the fibres, the normal unit vector en.Pα 

at the collision point and the vectors from the center of mass of each fibre to the collision 

point are determined by using vector analysis [59]. Then the final (post-collision) velocities 

vA2, vB2 and the final (post-collision) angular velocities ωA2, ωB2 are calculated, according to 

an oblique, eccentric collision [60]. 

C.1.1 Collision Point and Contact Vector 

To detect the fibres’ collision point Pα, the fibres are considered to be spherocylinders. The 

starting point for the derivation of the collision point is an initial fibre position with the fibres’ 

center lines being normal to each other (α = 0). The collision point on fibre A is always on the 

lower half of the right half-sphere ending, while on fibre B it’s always on the left side of the 

middle (cylindrical) body part. The position of Pα on fibre B can be changed by variegating x 

(see Fig. 57). 
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Fig. 57: Fibre-fibre collision areas. Red line shows the collision area of fibre A (does change due to angle α). Red dot 
shows collision point on fibre B (does not change due to the angle α, but due to x). 

The first collision point (α = 0) is located at Pα=0 [0.5 dMajor  0.0]. The rotation point of fibre B 

is equal to the center of fibre A’s right half sphere center point MA1[0.5 (dMajor – dMinor) 0.0]. 

The rotation angle is 0 ≤ α < π/4. 

Calculation of vectors for α = 0 

center of mass of fibre A (valid for all α):  0 0 0A1cm  

center of mass of fibre B, with x being a factor to vary the collision point on the left side of 

the cylindrical body of fibre B:    0.5 0 0.5Major Minor Major Minord d d d x    B1cm  

center of fibre A’s right half sphere to collision point Pα=0:  A1 α=0 α=0 A1M P P -M  

center of mass of fibre A to collision point Pα=0:  A1 α=0 A1 A1 α=0cm P M M P  (C.1.1) 

center of mass of fibre B to collision point Pα=0:  B1 α=0 A1 α=0 B1cm P cm P -cm  

center of fibre A’ right half sphere to center of mass of fibre B:  , A1 B1 α=0 B1 A1M cm cm - M  

normal vector for collision – tangent on half sphere in Pα=0:  
0


α

A1 α=0
n,P

A1 α=0

M P
e

M P
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Calculation of vectors for α ≠ 0 

The rotation of fibre B can be realized by using the rotation matrix [59] around the y+-axis in 

MA1: 

   

   

cos 0 sin

0 1 0

sin 0 cos

 

 

 
   
  

yR  (C.1.2) 

center of fibre A’s right half-sphere to B‘s center of mass: A1 B1,α A1 B1,α=0 yM cm = M cm R  

center of mass of fibre B to collision point Pα:  ,B1,α A1 B1 α A1cm = M cm + M  

center of fibre A’s right half sphere to collision point Pα:  A1 α A1 α=0 yM P = M P R  (C.1.3) 

center of mass of fibre A to collision point Pα:  A1 α A1 A1 αcm P M M P  

center of mass of fibre B to collision point Pα:  , B1 α A1 α A1 B1 αcm P M P M cm  

normal vector for collision – normal to tangent on half sphere in Pα:  
α

A1 α
n,P

A1 α

M P
e

M P
 

C.1.2 Post-Collisional Translational and Angular Velocities 

Considering that the collision point Pα, the vectors from the center of mass to the collision 

point A1 αcm P , B1 αcm P  and the normal vector en,Pα to the collision plane are determined, the 

post-collisional values for the velocity and the angular velocity of both fibres can be 

calculated, according to an oblique, eccentric collision [60]. 

Note: Due to computation simplification for the contact point determination the fibres were 

considered to be spherocylinders. For the determination of the post-collisional velocities and 

angular velocities the fibres’ moment of inertia tensor is assumed to be that of a spheroid. 

This is done to be consistent with the fibre-fluid interaction model. 

In a collision of two bodies large forces occur at the contact points. In our work the 

assumption is made that the (finite) momentum change ˆ dt I F  caused by the collision 

force occurs in an infinitely small time increment Δt0. This allows us to derive an analytical 

expression for post-collisional quantities. 

We define a coefficient of restitution ε as the ratio of the post-collisional relative velocity (at 

the contact point) to the pre-collision relative velocity: 
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post-collision relative velocity

pre-collision relative velocity
    (C.1.4) 

The coefficient of restitution ε varies between 0 (inelastic collision) and 1 (elastic collision) 

[60]. The connection between the coefficient of restitution and the spring stiffness and viscous 

damping coefficient is summarized in Chapter C.1.3. 

In case that there is no friction at the contact point, the contact force F is normal to the 

collision plane, following Î = Î en,Pα with en,Pα being the normal vector to the collision plane. 

To calculate the value Î, the coefficient of restitution ε and the velocities of the collision point 

at each fibre before vPA,1, vPB,1 and after the collision vPA,2, vPB,2 are used [60]: 

     
A B α A B αP ,2 P ,2 n,P P ,1 P ,1 n,Pv - v e = v - v e  (C.1.5) 

This means that the relative velocity of the fibres after the collision is proportional to the 

relative velocity before the collision, with the proportionality factor being ε. The initial (pre-

collision) velocity of the collision point Pα of each fibre is [61]: 

, , , ,

, , , ,B

AP 1 A 1 A 1 A 1 α

P 1 B 1 B 1 B 1 α

v = v +ω ×cm P

v = v +ω ×cm P
  (C.1.6) 

The final (post-collisional) particle-centered translational and angular velocity of each fibre is 

[60]:  

A,2 A,1 A A,2 A,1 A

B,2 B,1 B A,2 A,1 A

v = v +Δv ω =ω +Δω

v = v +Δv ω =ω +Δω
 (C.1.7) 

The final (post-collisional) translational and angular velocity at the collision point Pα of each 

fibre is [60]:  

 
 

A

B

P ,2 A,1 A A,1 A A,1 α

P ,2 B,1 B B,1 B B,1 α

v = v +Δv + ω +Δω ×cm P

v = v +Δv + ω +Δω ×cm P
 (C.1.8) 

Fibre A experiences a momentum change Î, while fibre B experiences exactly the opposite 

momentum change -Î. Thus, the integral momentum of the fibres remains constant [61]. The 

change of the translational and angular velocity can thus be defined as [60]: 

,

,

ˆ ˆ

ˆ ˆ
A A

B
B B

I I

m I

I I

m I

    

  

n,pα n,pα
A A A 1 α

n,pα n,pα
B B 1 α

e e
Δv Δω cm P

e e
Δv Δω cm P

 (C.1.9) 
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IA and IB are the moment of inertia of the two fibres. In the present work the fibres are 

considered to be spheroids. The angular momentum for spheroids (for rotation around one of 

the two small axes, in our example this is the y+-axis) is [62]: 

 2 21

5A B Major MinorI I m d d    (C.1.10) 

The missing information is Î.  It can be determined by substitution of Eqn.(C.1.6). Eqn. 

(C.1.8) and  Eqn.(C.1.9) in Eqn.(C.1.5), yielding: 

   , ,

(1 )( )ˆ
1 1 1 1

A B A B

I

m m I I

 


 
        

 

A BP ,1 P ,1 n,Pα

A 1 α n,Pα A 1 α B,1 α n,Pα B,1 α n,Pα

v - v e

cm P e cm P cm P e cm P e

  (C.1.11) 

With Eqn. (C.1.11)  and Eqn. (C.1.10), Eqn. (C.1.9) can be solved and the final (post-

collisional) translational and angular velocity can be obtained [60]. 

C.1.3 Coefficient of Restitution 

In our work a linear spring-dashpot model is used to resolve fibre-fibre contacts. Our model 

consists of a linear repulsive and a linear dissipative force. The fibre-fibre contact can thus be 

interpreted as a damped harmonic oscillator with a typical contact time of: 

   0
12 0 0 12 1 2 1 2

12

with: / /
2ct k m m m m m m

m

   


       (C.1.12) 

Here ω is the eigenfrequency of the contact, k is the spring stiffness, η0 the rescaled damping 

coefficient, γ0 the viscous damping coefficient, m12 the reduced mass and m1 and m2 the mass 

of particle 1 and 2. Furthermore, the coefficient of restitution ε (defined above) can be 

determined as [26]: 

 0
0expd ct    (C.1.13) 

Note, when using a linear spring-dashpot model, the coefficient of restitution is only a 

function of the material parameters k and γ0, and hence is constant. Furthermore, we note that 

Schwager and Pöschel [63] enhanced the calculation of the coefficient of restitution by taking 

into account that a non-cohesive system can never exhibit attractive forces: when using the 

above expression, the interaction force between the two particles is assumed to become 

negative. This means that an attraction force occurs even though an exclusive repulsive 

interaction is assumed (as is done in our simulations). To avoid such an artifact, the following 

equations for εd were developed: 
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0
2 2

0
02 2

0

2
exp arctan

2

2
exp arctan ,

2

exp ln

d
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 (C.1.14) 

with β = η0,  ω0  = ( k / m12) 
0.5 and Ω = (β² - ω0²) 

0.5. However, the difference between d and 

d
0 is small as long as d is well above ~ 0.7 [63]. 

C.1.4 Energy Conservation 

Since the effect of gravity is not modeled, the initial (pre-collisional) energy and the final 

(post-collisional) total energy of the system is equal to the sum of the potential energy (of the 

spring elements on the contact model) and the kinetic energy. The latter can be divided into 

translational energy and rotational energy: 

, , ,

,

,

1

2
1

2

B B B

tot kin i Trans i Rot i
i A i A i A

Trans i i

Rot i i

E E E E

E m

E I

  

  





  
2

i

2
i

v

ω

 (C.1.15) 

Ii is the moment of inertia around the y+-axis, vi the velocity and ωi the angular velocity of the 

fibre i. Note, to square the vectors the dot product of the vector needs to be considered [64]. 

In case the collision is fully elastic, and in the absence of friction (i.e., the damping = 0) the 

total energy of the system stays constant [61]. 

C.1.5 Momentum Conservation 

The momentum is divided into linear and angular momentum. In case of a fibre-fibre collision 

the linear and the angular moment are conserved [61].  

The linear momentum is then defined as [64]: 

.
B B

i A i A

m const
 

  i ip v  (C.1.16) 

and the angular momentum is defined as [64]: 
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.
B B B B

i i i i i i i
i A i A i A i A

m I const
   

      iL r ×p r × v ω   (C.1.17) 

Ii is the moment of inertia around the y+-axis, vi the velocity,  ωi the angular velocity and ri 

the vector from the origin to the center of mass of fibre i. 

C.1.6 Test Case Results 

The parameters used for the test case are listed in Table 16. In Table 17 the 

minimum/maximum number of time steps for resolving a single fibre-fibre contact with the 

used stiffness and damping parameters are listed. The spring stiffness and the damping 

coefficient are chosen such that the minimum number of time steps for a single fibre-fibre 

contact is >50. The results from the fibre-fibre interaction test case are shown in Fig. 57. The 

results for the velocity, the angular velocity, the total kinetic energy and the total linear 

momentum of both fibres, obtained from the numerical simulation and the analytical solution, 

are compared. The results show excellent agreement and hence the implemented code is 

assumed to be correct.  

Table 16: Test Case Parameters. 

Test Case Angles 

α [0 15 30 45 60 75 90] 

Fibre Parameter 

dMajor 1.00 vA [0 0 0] 
dMinor 0.10 ωA [0 0 0] 

 1.27 vB [-10 0 0] 
x 0.60 ωB [0 0 0] 

Interaction Parameters 

stiffnessNormal 2.0.104 roughFact 1.0.10-2 
dampingNormal 1.0.10-2 roughStiffFact 1.0.10-3 
stiffnessTang 0.0 frictionCoeff 0.0 
dampingTang 0.0 liquidDynViscocity 0.0 

DEM Parameter 

ΔtDEM 1.0.10-6

tc/ΔtDEM 50
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Table 17: Test Case min./max. contact time steps for fibre-fibre interaction.  

tc/ΔtDEM =50 mij k/mij (γ0/2/mij)
2 ω tc ΔtDEM.calc tc/ΔtDEM 

AR2-AR2 5.32.10-6 3.76.109 8.83.105 6.13.104 5.12.10-5 1.02.10-6 51.24 

AR20-AR20 5.32.10-5 3.76.108 8.83.103 1.94.104 1.62.10-4 3.24.10-6 162.03 

 

 

 

 

Fig. 58: Results fibre-fibre interaction code testing: analytical vs. numerical solution. Top row: fibre 1 (=A). Left: 
angular velocity around y+-axis. Right: velocity in x+- and z+-direction. Middle row: fibre 2 (=B). Left: angular velocity 

around y+-axis. Right: velocity in x+- and z+-direction. Bottom row: Left: total energy of both fibres. Right: linear 
momentum of both fibres. 
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C.2 Fibre-Flock Generation Pre-Processing 

 

Assumptions: 

 Fibres are considered to be spherocylinder 

 The density of the fibres is constant (1.27) 

 Each fiber class which is based on the fibre length dMajor has only one dMinor value. 

C.2.1 LIGGGHTS® input 

The input dataset is given by: 

ΔtDEM  DEM time step 

Δtcompact / ΔtDEM  deform every this many DEM time steps 

knorm  spring stiffness in normal direction 

ktang spring stiffness in tangential direction, set to zero, not part of the model 

γ0.norm  viscous damping coefficient in normal direction; small damping removes kinetic energy 

gently, in case the damping coefficient is set to zero the coefficient of restitution is zero. 

γ0.tang  viscous damping coefficient in tangential direction, set to zero 

DefMod  gives the type of deformation it can either be 1 for uni-axial (in x-direction) or 3 for tri-

axial.  

ΔQr.i  the fibre distribution with its dMinor,i and dMajor,i values  

r  basis of the distribution (either number or volume based) 

boxfinal  the final box dimensions (x+, y+, z+) e.g. [1 1 1].  

boxinit the initial box dimensions (x+, y+, z+) e.g. [10 10 10].  

ϕFib  fibre volume fraction in the reduced final box (post-deformation) 

ρFib  density of the fibres 

ρFluid  fluid density 

koverlap  maximum overlap of two fibres at a single deformation  

μ  friction coefficient; the ratio of the friction force and the normal force. 

ηfluid  Dynamic viscosity of the fluid is needed for the lubrication model for fibre-fibre 

interaction, if it is set to zero, there is no lubrication 

Roughness factor representing the fraction of dMinor for roughness layer of fibre to model fibrils on fibre (it 

cannot be set to zero) 

RoughnessStiffFact fraction of the fibres normal spring stiffness used to calculate the repelling force due to the 

roughness layers contact 

C.2.2 General Definitions 

Aspect Ratio [31] 

,

,

Major i
i

Minor i

d
AR

d
  (C.2.1) 
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Fibre Distributions [48] 

r = 0 … number based distribution  r = 3 … volume based distribution 

, , , ,
0, 3,

, ,

Fib tot i Fib tot i
r i r i

Fib tot Fib tot

n m
Q Q

n m      (C.2.2) 

Consistency 

,

,

Fib tot
Fib

Fib tot Fluid

m

m m
 


 (C.2.3) 

In case the densities of fluid and fibre are unity, the consistency is equal the fibre volume 

fraction. 

C.2.3 Pre-Calculations 

Initial (pre-deformation) and reduced final (post-deformation) box 

volume of initial (pre-deformation) box 

, , ,init init X init Y init ZV box box box   (C.2.4) 

volume of reduced final (post-deformation) box 

   , ,max , ,max , ,maxred final final X Major final Y Major final Z MajorV box d box d box d      (C.2.5) 

Fibre Volume Fraction in the reduced final (post-deformation) Box 

,
,

Fib tot
Fib Fib tot Fib red final

red final

V
V V

V
  



    (C.2.6) 

Fibre Volume and Mass 

volume of a single fibre in class i (= volume of an ellipsoid) 

3
,

, 26
Major i

Fib i
i

d
V

AR


  (C.2.7) 

mass of all fibres in the system 

, ,Fib tot Fib Fib totm V  (C.2.8) 

mass of single fibre in class i 

, ,Fib i Fib Fib im V  (C.2.9) 
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Fluid volume and mass 

volume of fluid 

, (1 )Fluid red final Fib tot Fib red finalV V V V      (C.2.10) 

mass of fluid 

Fluid Fluid Fluidm V  (C.2.11) 

C.2.4 Number of Fibres in each Class i 

ΔQr=0,i is given by 

, , , , ,

, , ,
,

, ,

,
,
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m

Fib tot Fib tot i Fib i Fib tot
i

m
Fib tot Fib tot i

Fib i
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V n V n

V n
V

n n
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 (C.2.12) 

 , , 0, ,Fib tot i r i Fib totn Q n   

ΔQr=3,i is given 

, , 3, ,Fib tot i r i Fib totm Q m   

, ,
, ,

,

Fib tot i
Fib tot i

Fib i

m
n

m
   (C.2.13) 

Note, since the fibre number is an integer value the fibre fraction (which is specified by the 

user) might change due to round-off errors. The above calculations are based on Stieß’ [48] 

fundamental explanations of particle distribution. 

C.2.5 Initial Fibre Position and Orientation 

At the beginning of the simulation the fibres are placed randomly (random position of center 

of mass and random orientation) over the initial simulation box domain. The positioning of 

the fibres is done in a MATLAB/OCTAVE script using random numbers sampled from a 

uniform distribution by using the rand() function. The random fibre orientation is done in 

LIGGGHTS® using quat/random(666). 
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The fibre orientation is basically a vector representing the direction of the x+-axis in the 

fibre’s coordinate system, and pointing in the direction of the fibres main axis (dMajor). The 

fibre can rotate in all possible direction, i.e., a point on the surface of a sphere needs to be 

randomly sampled. To sample random points on the surface of a sphere, it is not accurate to 

sample the spherical coordinates (φ, θ) form a uniform distribution with θ ϵ [0, 2π] and φ ϵ 

[0, π]: clearly, this would generate higher concentration of points around the poles. The 

correct approach is to sample two random numbers u and v [0, 1], and then determine the 

spherical coordinates via the transformation θ = 2 π u and φ = cos-1(2v-1). Fig. 59 shows the 

results of 2e4 uniformly distributed points on the surface of a unit sphere and the distribution 

of the azimuthal and polar angle of these points [65]. 

 

Fig. 59: 2e4 uniformly distributed points on the surface of a unit sphere. All classes have the same width of 15 degree. 
Top: points on the surface of the sphere. Left: azimuthal angle distribution. Right: polar angle distribution. 
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C.2.6 Time Step Parameters 

In the simulation three different time parameters need to be considered: the characteristic 

response tc time, the DEM time step ∆tDEM and the deformation/compaction time tcompact. The 

characteristic contact time tc can be determined according to Luding [26]: 

2 0 1 2
0 0 12

12 12 1 22c

m mk
t m

m m m m

   


    


 (C.2.14) 

k represents the spring stiffness, m12 the reduced mass, η0 the reduced viscous damping 

coefficient and γ0 the viscous damping coefficient. 

To guarantee a stable simulation the DEM time step ∆tDEM is kept a lot smaller than tc, ∆tDEM= 

tc /50. Deformation occurs after at least every 50 DEM time steps: tcompact = ∆tDEM /50. 

C.2.7 Deformation Rate 

At each deformation the simulation box is deformed with a constant deformation rate:  

1t t t t t
deform

t t t

L L LL

L L L
  

      (C.2.15) 

The total deformation rate is: 

0

0 0 0

1end end
tot

L L LL

L L L
 

     (C.2.16) 

C.2.8 Fibre Overlap  

Considering two of the longest fibres (dMajor) touching each other, the fibres’ overlap at each 

deformation is εdeform · dMajor. This overlap has to be smaller than a certain overlap factor 

koverlap · dMinor to avoid that fibres being cut off (or penetrated) during one deformation step. 

Minor
overlap Minor deform Major deform overlap

Major

d
k d d k

d
     (C.2.17) 

C.2.9 Trate Input Parameter R [56] 

The length of the simulation box after a certain time can be determined by:  

 expt oL L R t   (C.2.18) 

With L0 being the original length, Lt the length after Δt, R the trate value and ∆t the elapsed 

time between L0 and Lt. Knowing the elapsed time for a single deformation Δtdeform and the 

deformation rate εdeform for a single deformation step, R can be calculated via: 
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 (C.2.19) 

Note, the first approach was a deformation with a constant ΔL for each deformation step. This 

approach caused computational problems, particularly at late times of the deformation 

process. This is due to the fact that the deformation rate εdeform increased during the 

deformation process. At the end of the deformation process, when the fibres are already very 

close to each other and interact frequently, an increasing εdeform might result in unrealistic fibre 

cut off and fibre-fibre penetration. 

C.2.10 Run Input Parameter 

The number of DEM time steps that are necessary for reaching a certain box size due to 

deformation can be determined by: 

 0

ln
ln 1

#

End

tot
DEM

DEM DEM

L

L

R t R t


 
    
 

 (C.2.20) 

Since the number of DEM time steps needs to be an integer number, it is necessary to 

calculate the compact time steps, round the number to the next integer and determine the 

necessary DEM time steps via: 

 
Real

ln 1
# roundup compacttot DEM

DEM
DEM compact DEM

tt

R t t t

   
  

    
 (C.2.21) 
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C.3 Fibre-Flock Generation Post Processing  

 

To analyze the behavior of the fibres during the compaction step, or later in the T-junction 

simulation, the fibre orientation and the angular velocity of each fibre j is investigated by 

post-processing LIGGGHTS® simulation output data. 

C.3.1 LIGGGHTS® Output Data 

The LIGGGHTS® output file (dump-file) contains amongst others the following information: 

 The position vector of the fibre j         
+
j B

x j j j B
x y z   

 The orientation vector of the fibre j 1 2 3j j j B
fex fex fex      j B

fex  (C.3.1) 

 The angular velocity vector of the fibre j , , ,x j y j z j B
        j B

ω  

 
All vectors in the dump files refer to the global coordinate system B (ex, ey, ez). 

C.3.2 Dividing Fibres into the 4 Sections according to their Position 

From the LIGGGHTS® output file the position vector [xj]B (based on the global coordinate 

system) is given, so that the classification of the fibres to the sections can be realized by 

following: 

Table 18: Fibre sectioning 

section 1 
[y+

min]B < [y+
j]B ≤ 0 and [z+

min]B ≤ [z+
j]B < -|[y+

i]B| 
or 

0 ≤ [y+
j]B ≤ [y+

max]B and [z+
min]B ≤ [z+

j]B ≤ -|[y+
i]B| 

section 2 
           

0 ≤ [y+
j]B ≤ [y+

max]B and -|[y+
i]B| < [z+

j]B ≤ 0 
or 

0 ≤ [y+
j]B ≤ [y+

max]B and 0 ≤ [z+
j]B ≤ |[y+

i]B| 

section 3 
0 ≤ [y+

j]B ≤ [y+
max]B and |[y+

i]B| ≤ [z+
j]B ≤ [z+

max]B 
or 

[y+
min]B ≤ [y+

j]B ≤ 0 and |[y+
i]B| < [z+

j]B ≤ [z+
max]B 

section 4 
[y+

min]B ≤ [y+
j]B ≤ 0 and 0 ≤ [z+

j]B < |[y+
i]B| 

or 
[y+

min]B ≤ [y+
j]B ≤ 0 and -|[y+

i]B| ≤ [z+
j]B ≤ 0 

 

[y+
min]B and [y+

max]B are the minimum and maximum  position in the y+-direction and [z+
min]B 

and [z+
max]B are the minimum and maximum position in the z+-direction. 
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Note, each section triangle has two boundary lines to the neighboring sections. For the fibre 

section classification the boundary line on the left of each section triangle belongs to the 

section, as indicated by the small grey arrows in Fig. 9. Fibres at the origin belong to the first 

section. 

C.3.3 Fibre Orientation 

Now, that the fibres are divided into 4 cross section sections the fibre orientation vector 

[fexj]B. based on the global coordinate system, needs to be transformed to the new basis Bi´´ 

(ex,i´´, ey,i´´, ez,i´´) of each section i. 

C.3.3.1 Change of Basis: B  Bi´´ 

B (ex, ey, ez) representing the global coordinate system used by LIGGGHTS® and Bi´´ (ex,i´´, 

ey,i´´, ez,i´´)  representing the transformed coordinate systems, which differs in each section i.  

The orientation of the orthogonal coordinate system in section 1 (ex,1´´, ey,1 ´´, ez,1´´) is 

equivalent to the orientation of the orthogonal global system (ex, ey, ez).  For the other sections 

(i =2, 3, 4) the global coordinate system needs to be turned in π/2·(i-1) steps around the x+-

axis (αx,i). 

Table 19: Change of basis B  Bi´´: rotation angle for each section I, around the global x+-axis. 

section rotation angle
section 1 αx1 = 0 
section 2 αx2 = π/2 
section 3 αx3 = π 
section 4 αx4 = 3/2π  

 
The changes of basis B  Bi´´ are orthogonal coordinate transformations, realized by 4 

passive rotations (see chapter C.3.5.2) around the x+-axis unit vector [ex]B = [1, 0, 0]B of the 

global coordinate system. The rotation angles αx,i are shown in Table 19. 

For the unit fibre orientation vector the transformation in the section based coordinates system 

can be calculated by: 

       
i

i

B ´´

j i jBB ´´ B
fex = D fex  (C.3.2) 

C.3.4 Angular Velocity  

The angular velocity vector available in the LIGGGHTS® dump-files [ωj]B=[ωx,j ωy.j ωz,j]B 

describes the rotation of the fibre around the global x+-, y+- and z+-axis. 
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C.3.4.1 Change of Basis: B  Bi´´ Bj,i´ 

To be able to analyze the fibre angular velocity in each section i the angular velocity needs to 

be transformed from  [ωj]B to  [ωj]Bi´´ as summarized in chapter C.3.3.1. 

       
i

i

B ´´

j i jBB ´´ B
ω = D ω  (C.3.3) 

Since the rotation of the fibre around its own x+-axis [ex]Bi`` (i.e., “log rolling”) is not of 

interest, the angular velocity needs to be corrected. To compute the corrected angular velocity 

in the Bi´´ coordinate system, the angular velocity [ωj]Bi´´ was transformed to the fibre’s 

coordinate system Bj.i´ (ex,j,i´, ey,j,i´, ez,j,i´), corrected in this coordinate system, and then 

transformed back to the Bi´´ coordinate system.  

          
j,i

j,i i i

B ´

j j jB ´ B ´´ B ´´
ω = D ω  (C.3.4) 

The fibre’s coordinates system’s x+-axis points exactly into the direction of the orientation 

vector [fexj]Bi´´. In order to compute the rotation axis [xrot,j]Bi´´, and the rotation angle αj for the 

transformation Bi´´  Bj,i´, the following needs to be considered:  

In the transformation the unit basis vector in x+-direction [ex]Bi´´ of the coordinate system Bi´´ 

and the unit orientation vector of the fibre j [fexj]Bi´´ lie on  a 2D – plane. The angle αj between 

those two vectors on the plane is the rotation angle necessary for the coordinate 

transformation. The normal vector to this plane represents the rotation angle [xrot,j]Bi´´ (see 

Fig. 60). 

 

Fig. 60: Coordinate Transformation Bi´´  Bj,i´. 
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The rotation angle and the rotation axis can be determined by: 

 

 

 

 

arccosj
       
     

   


   

ii

ii

ii

ii

j x B ´´B ´´

j x B ´´B ´´

j x B ´´B ´´
rot,j

j x B ´´B ´´

fex e

fex e

fex e
x

fex e

 (C.3.5) 

C.3.4.2 Reduction of the angular velocity 

In the Bj.i´ coordinate system the angular velocity gets reduced by its x+-component. [ex,j]Bj,i´ 

is the unit base vector in x+ – direction in the fibre’s coordinate system. 

                    
j,i j,i j,i j,i j,i

red,j j j x,j x,jB ´ B ´ B ´ B ´ B ´
ω = ω - ω e e  (C.3.6) 

C.3.4.3 Transformation from Basis Bj,i ´ to  Bi´´ 

For further analyses the corrected angular velocity is retransformed in the sections’ coordinate 

systems. By using the same general transformation Matrix   
j,i

i

B ´

j B ´´
D  as by the transformation 

from the sections’ coordinate systems to the fibers’ coordinate system, but transposed. 

           
j,i

i i j,i

TB ´

red, j j red, jB ´´ B ´´ B ´
ω = D ω  (C.3.7) 
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C.3.5 Mathematical Basics 

C.3.5.1 Cartesian-to-Polar Coordinate Transformation [59] 

For the conversion between the Cartesian and the polar coordinate system the following 

equations have been used. Note, in case the fibre’s orientation [fexj]Bi´´ is equal to the [z]Bi´´ - 

axis ([xj]Bi´´ = 0 and [yj]Bi´´= 0) the orientation of the fibre is mathematically undefined – 

division by zero! Fibres with such an orientation are defined to have an azimuth angle of π/2. 

(see last if condition for ϴ) 

2 2 2

´´ ´´ ´´i i i
j j jB B B

r x y z              (C.3.8) 
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  (C.3.9) 

 1

´´ ´´
cos

i i
j jB B

z         (C.3.10) 
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C.3.5.2 General Rotation Matrix [64] 

The general rotation matrix D allows a rotation of a vector or a coordinate system by any 

angle α around any rotation axis [xrot]B =[u, v, w]B. It is defined by: 

2

2

2

(1 ) (1 ) (1 )

(1 ) (1 ) (1 )

(1 ) (1 ) (1 )

c c u c uv sw c uw sv

c uv sw c c v c vw su

c uw sv c vw su c c w

      
        
       

D  (C.3.11) 

with c = cos (α) and s=sin(α)  

Active Rotation 

In case a vector [a]B is rotated in a fixed coordinate system B, the new vector [a´ ]B can be 

calculated via: 

   ´  T

B B
a D a  (C.3.12) 

Passive Rotation 

In case of a change of the basis B  B´, i.e., the coordinate system rotates but the vector is 

fixed in the coordinate system, the new vector coordinates referring to the new basis B´, can 

be determined via: 

    
B´ B

a D a  (C.3.13) 

Note, an orthogonal coordinate transformation is a passive transformation, meaning that the 

values of all points and vectors in the system are only changing in respect to the changing 

basis. However, the position and orientation of the points and vectors does not change. 
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Appendix D CFD-DEM Simulation  
 

D.1 Jeffery Orbit 

Jeffery [45] derived an equation for the rotation rate of ellipsoids in a linear shear flow: 

2
1p t AR

AR

  


γ
  (D.1.1) 

with t+ the orbit period, AR the aspect ratio (dMajor/dMinor) and the shear rate . 

D.2 Velocity Profile in a Square Cross Section 

 

According to Tamayol et al. [46] the velocity profile of a laminar flow in a square cross 

section can be determined by: 

  

max

1 11

1 12 2

r tan

1 cos           
4

0.767 1
0.247

6.01 3.12 0.965

mii

i

U

C m
m

A A s

A C
m m m


  





 

 
         

  

  
 



+

+

u u

u  (D.2.1) 

The used parameters are: Umax = 2.08 (value taken from integrating u over the whole cross 

section), and C2=-1.096.10-3, determined from the no-slip condition at the wall. 

D.3 Shear Rate 

 

The shear rate can be determined via [66]: 

 22 tr   D   (D.3.1) 

D is the rate of strain tensor (e.g. shear rate tensor). It is a tool to describe the stretching rate 

and angular rate of deformation of a volume element: 
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Here L is the velocity gradient tensor: 
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L u


 (D.3.3) 

It describes the change of each velocity component (ur, uϴ, ux) in the spatial directions (r, ϴ, 

x). With Eqn. (D.3.1) and Eqn. (D.3.2) the shear rate can be written as: 

 2 2 2 2 2 2
11 22 33 12 13 232 2 2 2D D D D D D            (D.3.4) 

2 2 2 2 22
1 1 1

2
2 2 2

x x xr r ru u u u u uu u u

r x r x r x
   

                                                           
  (D.3.5) 

In a fully developed, symmetrical fluid flow following assumptions can be made: 

0   0   0   0

0  0   0   0      

fully developed flow 0

r r r
r

x

u u u
u

r x
u u u

u
r x

u

x

  


  
    

  
  

    
  


 



 (D.3.6) 

This results in: 

2 2
x xu u

r


    
        
  (D.3.7) 

With the velocity profile and its gradients [46]:  
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 (D.3.8) 

D.4 Half Orbit Time and Traveling Length 

 

With Eqn. (D.3.7) it is now possible to determine the time and traveling length of the fibre 

closest to the wall by applying the Jeffery orbit. 

1

2
AR

ARt 



γ

  (D.4.1) 

0.5 / 2orbitt t   (D.4.2) 

0.5 0.5orbit x orbits u t   (D.4.3) 

Note, the shear rate is higher at the wall and smaller towards the center of the channel. The 

higher the aspect ratio, the longer a fibre - time and length wise - needs to turn. 

D.5 Fibre Orbit: Analytical vs. Numerical Results 

The analytical Jeffery orbit [45] results and the numerical results for the dimensionless time 

t0.5orbit
+ and length s0.5orbit

+ units for a half orbit are compared. 

The analytical results determined by applying the Jeffery orbit can be seen in Table 20. 
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Table 20: Jeffery orbit calculation. 

class dMajor AR rmax
+ ux  t0.5orbit

+ s0.5orbit
+ 

1 0.04 2 0.48 0.18 9.14 0.86 0.15 
2 0.10 5 0.45 0.44 8.29 1.97 0.86 
3 0.20 10 0.40 0.82 6.99 4.45 3.72 
4 0.30 15 0.35 1.14 5.83 8.12 9.24 
5 0.40 20 0.30 1.40 4.79 13.15 18.45 

 

For the numerical simulation a straight channel with a laminar velocity profile (Re=500) is 

used (see Fig. 61). Two simulations, one with a fibre from the shortest fibre class dMajor=0.04. 

starting at rmax
+=0.48 and ϴ=0, oriented in streamwise direction and one with a fibre from the 

longest fibre class dMajor=0.40, starting at rmax
+=0.30 and ϴ=0, oriented in streamwise 

direction. The rotational energy of the system was monitored. After each 180° spin a local 

minimum of the rotational energy occurs. The t0.5orbit
+ at which this minimum is reached can 

then be compared to the value form the Jeffery orbit calculations. The difference between the 

numerical and the analytical results are small, Δt+
Diff = 4.5% for the shortest and Δt+

Diff =1.4% 

for the longest fibre. Since the longest fibre is crucial for the inlet length dimensioning the 

considered error is 1.4%. 

 

Fig. 61: Velocity and shear rate profile in channel with laminar flow field, fibre at rmax. 

 

Fig. 62: Comparison of the numerical and the analytical solutions of a 180° spin of a fibre in a linear flow field. Blue 
curve: Rotational energy in the system. Red dot: first minima after 180° spin. Black dot: analytical dimensionless time 

result for a 180° spin. Left panel: shortest fibre AR=2. Right panel: longest fibre AR=20. 



Appendix E  Dimensionless Numbers  111 

Appendix E Dimensionless Numbers 
 

Fluid Reynolds number 

inertial forces

viscose forces

u L u L
Re µ

µ

 


     (E.1.1) 

u volume-averaged fluid velocity, L characteristic length, ρ fluid density, µ dynamic viscosity, 

ν kinematic viscosity of the fluid [14]. 

Particle Reynolds number 

inertial forces

viscose forces
p rel

p

d u
Re


   (E.1.2) 

dp particle diameter, urel relative velocity (i.e., fluid minus particle velocity), ν kinematic 

viscosity of the fluid [31]. 

Stokes number 

2

18
p pdu

St
L µ

  
  (E.1.3) 

τ Stokes relaxation time, u volume-averaged fluid velocity, L characteristic length, ρp particle 

density, dp particle diameter, µ dynamic viscosity of the fluid [67].  

Courant number 

 



t u

C
x

 (E.1.4) 

The Courant number is fundamental for numerical simulations. Simulation with C ≤ 1 are 

supposed to be stable. The Courant number indicates the distance a characteristic dimension 

moves within a single time step [20].  
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Appendix F MATLAB Code  

Appendix F is only available in the electronic version. 

CFD 

 time-average data over outlet patches 

 volumetric flow fraction and pressure loss 

LIGGGHTS 

 fibre-fibre test case pre and post processing 

 fibre flock generation and stabilization pre and post processing 

CFDEM 

 straight channel 

o fibre-wall collision impact study pre and post processing 

o rotation study numerical versus Jeffery pre and post processing 

 T-Channel alias T-Junction 

o critical separation line pre and post processing 

o downwards movement at junction pre and post processing 

o fiber orientation and separation efficiency pre and post processing 

Repeatedly Used Functions 

 formatting_GNU 

 formatting_MATLAB 

 readdump_all 

 ShearRateSCS 

 velSCS 
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