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Summary

One of the preferred features of plastic is its high durability. This merit is its main disadvantage in
the natural environment. When poorly disposed of, plastic waste can enter rivers from surface waters
and subsequently end up in the ocean. Here, plastic spreads out over the entire ocean and ultimately
ends in ocean gyres. Plastic material in the ocean causes environmental damage. Marine animals can
get entangled in plastic debris, plastic accumulation occurs when consuming seafood and the material
spreads toxins in the sea water. It has also caused economic damage: marine plastic accumulation led
to $6 to 19 billion to key economic sectors for 87 coastal countries in 2020 (Deloitte, 2019). Attempts
have been made to capture buoyant plastics from the ocean with interception devices, with mixed
success.

The placement of an interception device in a river is thought to be a better approach to the problem.
A standard interception design is that of a floating boom. Plastic debris is transported by the river flow
and these objects guide buoyant plastics into a collection tray. Currently, these interception designs
are still in their infancy. A difficulty in the optimisation of these interception devices lies in the limited
knowledge of the trajectories of plastic waste. Computational fluid dynamics (CFD) modelling can
help to create a better understanding of these aspects. This tool can provide a rapid assessment of
different flow conditions with different types of plastic debris modelled. Further knowledge into this field
can ultimately help into better retention of plastics in rivers.

Plastic modelling for buoyant particles has been performed in the marine environment (Van Utenhove,
2019) and in the river (Van Welsenes, 2019) with a Lagrangian study. However, both works did not per­
form a validation study. The combination of a CFDmodel and the results of physical model tests can be
valuable in removing uncertainties related to plastic trajectories and the modelling of these. One phys­
ical model test performed on plastics is the release of plastic particles in a flume (Zaat, 2020).. Small
films were released in a 2DV physical model, representing plastic bags. It was found that these particles
followed an inverted Rouse profile for spherical particles times a shape factor 𝛼𝑓𝑖𝑙𝑚 = 0.64.
The study by Zaat (2020) was replicated in the CFDmodelling environment of OpenFOAM in this thesis.
Subsequently the retention of plastic particles was investigated. Three hydrodynamic conditions were
investigated, with uniform inlet flow velocities of 0.10, 0.55 and 0.90 m/s. The 𝑘 − 𝜖 turbulence model
was used. An Euler­Euler approach was applied with a discrete and continuous phase. This modelling
approach is computationally less expensive compared to a Euler­Lagrangian framework and can be
easily established for different cases. The drag models Gibilaro, Wen­Yu and Syamlal­O’Brien were
tested to investigate which concentration profile best fits an inverted Rouse profile for rising particles.
The interception device was modelled as a square obstruction of 10% of the water depth and the model
was assumed as a rigid­lid. The retention of particles by the system was explored for neutrally buoyant
particles (𝜌𝑝=750 kg/m3), light material (𝐷𝑝=0.001 mm 𝜌𝑝=750 kg/m3) and high­density polyethylene
(HDPE) and polypropylene (PP) films.

This study found relative differences in near­surface flow and the analytical approach of 3 to 4%. The
Gibilaro model was best applicable and model coefficients for the virtual mass, lift and turbulent dis­
persion of 0.5, 1.6 and 1.0 were found. The concentration profiles followed the inverted Rouse profile
and that for films closely for the medium and high flow cases, but not for the low flow case. A lower
retention of plastics was observed for increasing flow velocities. In the extreme case of low flow and
light particles a build­up of particles near­surface can be observed and runs against the streamwise
direction.
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Several limitations were present in this study. Only two parameters of the plastic particles were ad­
justable, which were the particle diameter and density. In reality, plastic debris has different shapes will
experience drag differently, especially the friction drag. The rigid­lid model is valid only if the velocity
head is smaller than that of 10% of the water depth, which is not the case for the high flow velocity
case.

The results show that on the basis of a rise velocity and a density a representative diameter can be
determined from Stokes’ law. The Euler­Euler modelling approach provides an accurate assessment
and gives a proper representation of the particles for the Rouse distributions. This is done without
handling the particles individually and thus results can be found more quickly. Both for HDPE and
PP inverted Rouse profiles were found that followed the theoretical profile with an underestimation of
10%­20% near­surface. The retention was influenced mainly by the size of the wake. It is evident
that the interception system can work for buoyant particles. The object can be placed during low flow
conditions for the highest efficiency. For high discharge in rivers more particles will be in suspension
and thus further away from the water surface, which makes this design less preferred during high flow
conditions.

Recommendations for further research are to perform more physical model tests, implement a non­
spherical drag model applicable for plastic material and to apply a three­phase model. This removes
uncertainties related to the model and to the current knowledge in particle dynamics. The addition of
physical model tests would benefit the current knowledge the greatest. It is only possible to expand
the complexity of the CFD model with a larger availability of these physical model tests.



Contents

Preface i

Summary ii

List of Figures vii

List of Tables x

1 Introduction 1
1.1 Problem statement and research gap . . . . . . . . . . . . . . . . . . . . . . . . . 1
1.2 Objective and research question . . . . . . . . . . . . . . . . . . . . . . . . . . . 2
1.3 Report structure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3

2 Background 4
2.1 Turbulent flow. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4

2.1.1 Physical processes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4
2.1.2 Bed roughness . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4
2.1.3 Logarithmic velocity distribution . . . . . . . . . . . . . . . . . . . . . . . . 5
2.1.4 Turbulent flow modelling . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5
2.1.5 Wall functions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6
2.1.6 Entrance length . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7

2.2 Particle transport . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8
2.2.1 Bed load and suspended load . . . . . . . . . . . . . . . . . . . . . . . . . 8
2.2.2 Settling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8
2.2.3 Turbulent dispersion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8
2.2.4 Rouse profile . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9
2.2.5 Plastic found in water bodies . . . . . . . . . . . . . . . . . . . . . . . . . 10
2.2.6 Concentration profiles of plastic material . . . . . . . . . . . . . . . . . . . 10
2.2.7 Particle modelling in liquid flow . . . . . . . . . . . . . . . . . . . . . . . . 11
2.2.8 Interphase momentum exchange . . . . . . . . . . . . . . . . . . . . . . . 12
2.2.9 Plastic modelling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13

2.3 Interception system. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
2.3.1 Principle of operation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14
2.3.2 Analogies with theory. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14
2.3.3 Research on plastic retention . . . . . . . . . . . . . . . . . . . . . . . . . 15

3 Methodology 16
3.1 Stages. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16

3.1.1 Single­phase flow. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17
3.1.2 Two­phase flow . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17
3.1.3 Interception of plastic. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17

3.2 Collection of data . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17
3.3 Application of CFD model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18

3.3.1 Model assumptions. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18
3.3.2 Transient and steady state solvers . . . . . . . . . . . . . . . . . . . . . . 18
3.3.3 Commands to run simulation . . . . . . . . . . . . . . . . . . . . . . . . . 19

iv



CONTENTS v

3.3.4 Turbulence model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19
3.3.5 Multigrid solver . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19
3.3.6 Numerical schemes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20

3.4 Single­phase model setup . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20
3.4.1 Boundary conditions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20
3.4.2 Sensitivity analysis to domain size. . . . . . . . . . . . . . . . . . . . . . . 21
3.4.3 Sensitivity analysis to number of grid cells . . . . . . . . . . . . . . . . . . 21

3.5 Two­phase model setup . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21
3.5.1 Boundary conditions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22
3.5.2 Interphase momentum exchange model coefficients . . . . . . . . . . . . . 22
3.5.3 From flume experiment to model . . . . . . . . . . . . . . . . . . . . . . . 23
3.5.4 Released plastics. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24

3.6 Interception of plastic. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24
3.6.1 Adapted single­phase model setup . . . . . . . . . . . . . . . . . . . . . . 24
3.6.2 Adapted two­phase model setup . . . . . . . . . . . . . . . . . . . . . . . 25

3.7 Projected outcome . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25

4 Results 26
4.1 Single­phase flow. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26

4.1.1 Sensitivity on domain size: entrance length required . . . . . . . . . . . . . 26
4.1.2 Sensitivity on number of grid cells: flow velocity profile . . . . . . . . . . . 27
4.1.3 Spin­up time . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29
4.1.4 Estimation turbulent eddy viscosity . . . . . . . . . . . . . . . . . . . . . . 30
4.1.5 Remarks single phase model . . . . . . . . . . . . . . . . . . . . . . . . . 31

4.2 Sensitivity analysis two­phase model . . . . . . . . . . . . . . . . . . . . . . . . . 31
4.2.1 Release of neutrally buoyant particles. . . . . . . . . . . . . . . . . . . . . 31
4.2.2 Application of different drag models . . . . . . . . . . . . . . . . . . . . . . 32
4.2.3 Response to model coefficients . . . . . . . . . . . . . . . . . . . . . . . . 32

4.3 Two­phase flow: equilibria HDPE resin . . . . . . . . . . . . . . . . . . . . . . . . 33
4.3.1 Spin­up time . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33
4.3.2 Comparison of flow and turbulent viscosity with single­phase runs . . . . . 34
4.3.3 Entrance length particle concentration . . . . . . . . . . . . . . . . . . . . 35
4.3.4 Replication concentration profiles . . . . . . . . . . . . . . . . . . . . . . . 36

4.4 Two­phase flow: equilibria PP resin . . . . . . . . . . . . . . . . . . . . . . . . . . 37
4.4.1 Spin­up time . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37
4.4.2 Comparison of flow velocity and turbulent viscosity with single­phase runs . 37
4.4.3 Entrance length particle concentration . . . . . . . . . . . . . . . . . . . . 38
4.4.4 Concentration profiles . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38

4.5 Hydrodynamics interception system: underflow . . . . . . . . . . . . . . . . . . . 39
4.5.1 Development of horizontal flow velocity and turbulent eddy viscosity . . . . 39
4.5.2 Vertical flow velocity around interception device . . . . . . . . . . . . . . . 42
4.5.3 Conclusions from hydrodynamics . . . . . . . . . . . . . . . . . . . . . . . 43

4.6 Interception of particles . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43
4.6.1 Neutrally buoyant particles . . . . . . . . . . . . . . . . . . . . . . . . . . . 43
4.6.2 Light particles . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44
4.6.3 HDPE films . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46
4.6.4 PP films . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48
4.6.5 Final results near the system . . . . . . . . . . . . . . . . . . . . . . . . . 49

5 Discussion 50
5.1 Representation of flow . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50

5.1.1 Comparison model results with analytical results . . . . . . . . . . . . . . . 50
5.1.2 Near­wall flow. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50
5.1.3 Constant plastic flux . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50

5.2 Representation of plastic particles . . . . . . . . . . . . . . . . . . . . . . . . . . . 51
5.2.1 Euler­Euler approach. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51
5.2.2 Limitations in particle properties . . . . . . . . . . . . . . . . . . . . . . . . 51



CONTENTS vi

5.2.3 Applied drag model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51
5.3 Representation of interception system . . . . . . . . . . . . . . . . . . . . . . . . 52

5.3.1 Contraction of flow . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52
5.3.2 Rigid­lid assumption . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52
5.3.3 Reference study submerged gate analogy . . . . . . . . . . . . . . . . . . 53
5.3.4 Absence of plastic collection system behind the structure . . . . . . . . . . 54

5.4 Application of model results to field conditions . . . . . . . . . . . . . . . . . . . . 54
5.4.1 Absence of external forcing effects . . . . . . . . . . . . . . . . . . . . . . 54
5.4.2 Variety of plastics in the natural environment . . . . . . . . . . . . . . . . . 54
5.4.3 Influence of river geometry on concentration profile . . . . . . . . . . . . . 54

6 Conclusions and recommendations 56
6.1 Conclusions. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56
6.2 Recommendations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58

6.2.1 Physical model tests . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58
6.2.2 Application of three­phase model . . . . . . . . . . . . . . . . . . . . . . . 59
6.2.3 3D model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59
6.2.4 Application of non­spherical drag model . . . . . . . . . . . . . . . . . . . 59
6.2.5 Sensitivity analysis on turbulence model with respect to flow . . . . . . . . 59

Bibliography 61

A Literature review 69
A.1 River plastics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69
A.2 Schematisations systems . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72
A.3 Turbulent flow. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72
A.4 Particle transport . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72
A.5 Plastic modelling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73
A.6 CFD modelling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76

B OpenFOAM details 78
B.1 Implementation of 𝑘 − 𝜖 turbulence model in OpenFOAM . . . . . . . . . . . . . . 78
B.2 Pressure coupling algorithms . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78
B.3 Two phase Eulerian modelling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81
B.4 Drag models in reactingTwoPhaseEulerFoam . . . . . . . . . . . . . . . . . . . . 82

C Mesh around interception system 84
C.1 Mesh between x=24.8 m to x=25.2 m over the depth . . . . . . . . . . . . . . . . 84
C.2 Mesh between x=24.9 m to x=25.1 m and y=0.20 m to y=0.25 m . . . . . . . . . . 84

D Submerged gate study 85

E Supplementary results 86
E.1 Single­phase flow. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 86
E.2 Rouse numbers simulations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91
E.3 Two­phase flow: equilibria HDPE resin . . . . . . . . . . . . . . . . . . . . . . . . 91
E.4 Two­phase flow: equilibria PP resin . . . . . . . . . . . . . . . . . . . . . . . . . . 93
E.5 Hydrodynamics interception device . . . . . . . . . . . . . . . . . . . . . . . . . . 95
E.6 Interception of particles . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 100

F Code applied 101
F.1 File structure of OpenFOAM . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 101
F.2 Shell file: file to run simulation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 101
F.3 Initial conditions. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 102
F.4 Constants . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 118
F.5 System files . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 122



List of Figures

1.1 Thesis framework. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3

2.1 Regions with different flow regimes, edited from Liu (2016b). . . . . . . . . . . . . . . . 6
2.2 Development of the boundary layer (Bonakdari et al., 2014). . . . . . . . . . . . . . . . . 7
2.3 Velocity profiles of a straight channel with turbulent flow. Edited from Kudela (n.d) . . . 9
2.4 Typical concentrations for varying values of the Rouse number. Note that 𝛽𝑎 > 𝛽𝑏. From

Van Prooijen (2020) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10
2.5 Concentration distribution profiles normalised to the near surface measurement 𝐶𝑎 for

three velocities. The three obstructions are compared with the undisturbed distribution,
from Zaat (2020). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

2.6 Different interception systems. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14
2.7 Flow velocity under and upstream of a sluice gate with ℎ= 0.295 m and ℎ/𝑎 = 1.9, from

Shammaa et al. (2005). x=0 describes the profiles just under the gate, with 𝑎=0.15 m
upstream of the gate. Note that the positive velocities in the right figure are orientated
downward. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15

3.1 The modelled segment, which is twice as long as the flume wherein the results of Zaat
(2020) were produced. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21

3.2 Schematised interception system and its mesh in blocks. . . . . . . . . . . . . . . . . . 25

4.1 Development of the horizontal flow velocity profile in the streamwise direction for high
flow. The lines have been scaled and the dashed line illustrates the log­flow velocity for
a 𝑐𝑓 value of 0.005. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27

4.2 Development of the turbulent eddy viscosity profile in the streamwise direction for high
flow. The lines have been scaled and compared with the analytical results of Chapter 3.
The numerical results from the simulation can be found in Fig. 4.7. . . . . . . . . . . . . 27

4.3 Simulations for the relative depth over flow velocity for u=0.1 m/s, u=0.55 m/s, u=0.1
m/s, with a different number of grid cells in the vertical, see Tab. 4.2. . . . . . . . . . . . 28

4.4 Simulation time (0 s < t < 4000 s) to steady simulation for different parameters for low
flow conditions. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29

4.5 Simulation time (0 s < t < 3000 s) to steady simulation for different parameters for medium
flow conditions. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29

4.6 Simulation time (0 s < t < 3000 s) to steady simulation for different parameters for high
flow conditions. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30

4.7 Turbulent viscosity over the domain and water depth for 15 m and 30m. The flow velocity
at the inlet is 0.90 m/s. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30

4.8 Concentration profiles of particles with 𝜌 = 1000 kg/m3 for low, medium and high flow at
x =25 m. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31

4.9 The relative plastic concentration for the different drag models for HDPE material over
the depth, at x=25 m. The left figure illustrates low flow, the middle figure medium flow
and the right figure high flow. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32

4.10 Simulation of the plastic concentration for the different coefficients from Tab. 3.5. . . . . 33
4.11 Simulation time (0 s < t < 2000 s) to steady simulation for different parameters for low

flow conditions. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33

vii



LIST OF FIGURES viii

4.12 Simulation time (0 s < t < 500 s) to steady simulation for different parameters for medium
flow conditions. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34

4.13 Simulation time (0 s < t < 500 s) to steady simulation for different parameters for high
flow conditions. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34

4.14 Turbulent eddy viscosity over length and depth over 30 m for medium flow conditions.
The eddy viscosity is scaled x2000 for viewing purposes. . . . . . . . . . . . . . . . . . 34

4.15 Single and two­phase simulations at x=25 m, compared with theorteical profiles. . . . . 35
4.16 Relative HDPE concentrations along the water depth at different slices in x­direction (a)

for low flow; (b) for medium flow; (c) for high flow. . . . . . . . . . . . . . . . . . . . . . . 35
4.17 Plastic concentrations for the different inlet flow velocities. . . . . . . . . . . . . . . . . . 36
4.18 Turbulent eddy viscosity over length and depth over 30 m for medium flow conditions.

The eddy viscosity is scaled x2000 for viewing purposes. . . . . . . . . . . . . . . . . . 37
4.19 Single and two­phase simulations at x=25 m. . . . . . . . . . . . . . . . . . . . . . . . . 38
4.20 Relative PP sphere concentrations along the water depth at different slices in x­direction

(a) for low flow; (b) for medium flow; (c) for high flow. . . . . . . . . . . . . . . . . . . . . 38
4.21 PP resin concentrations for the different inlet flow velocities. . . . . . . . . . . . . . . . . 39
4.22 The horizontal velocity field for 𝑢𝑥 = 0.55 m/s. The vertical lines plotted mark x=24.5 m

to 25.5 m. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39
4.23 Flow velocity profile over the depth at different locations around the interception device

for medium flow. The dotted line in the upper right figure indicates the draft of the inter­
ception device. The vertical line in the lower left figure indicates 𝑢𝑥 =0 m/s. . . . . . . . 41

4.24 Turbulent eddy viscosity over the depth at different locations around the interception
device for medium flow. The dotted line in the upper right figure indicates the draft of the
interception device. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41

4.25 The vertical velocity field for 𝑢𝑥 = 0.55 m/s. The vertical lines plotted mark x=24.5 m to
25.5 m. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42

4.26 Vertical flow velocity profile over the depth at different locations around the interception
device for medium flow. The dotted line in the upper right figure indicates the draft of
the interception device. This line is also indicated to show the impact of the device w.r.t.
flow in the upper left figure. The vertical line in the lower left figure indicates 𝑢𝑦 =0 m/s. 42

4.27 The concentration of equally buoyant plastic material with profiles taken between x=23.2
m and x=25.2 m for medium flow conditions. . . . . . . . . . . . . . . . . . . . . . . . . 44

4.28 Simulation for the concentration just in front of the interception mechanism (x=25 m) over
time for neutrally buoyant particles. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44

4.29 The concentration of the plastic material with profiles taken between x=23.2 m and
x=25.2 m for low flow conditions. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45

4.30 The concentration of the plastic material with profiles taken between x=23.2 m and
x=25.2 m for medium flow conditions. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45

4.31 Concentration of the particles near the system at x=25 m for light material. . . . . . . . 46
4.32 The concentration of the HDPE films with profiles taken between x=23.2 m and x=25.2

m for low flow conditions. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46
4.33 The concentration of the HDPE films with profiles taken between x=23.2 m and x=25.2

m for medium flow conditions. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46
4.34 The concentration of the HDPE films with profiles taken between x=23.2 m and x=25.2

m for high flow conditions. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47
4.35 Simulation for the concentration just in front of the interception mechanism (x=25 m) over

time for HDPE films. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47
4.36 The concentration of the PP material with profiles taken between x=23.2 m and x=25.2

m for low flow conditions. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48
4.37 The concentration of the PP material with profiles taken between x=23.2 m and x=25.2

m for medium flow conditions. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48
4.38 The concentration of the PP material with profiles taken between x=23.2 and x=25.2 m

for high flow conditions. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48
4.39 Simulation for the concentration just in front of the interception mechanism (x=25 m) over

time for polypropylene films. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49



LIST OF FIGURES ix

5.1 Pressure around plastic interception system. Indicated are x=24.9 m and x=25.1 m. . . 53
5.2 Horizontal and vertical velocity results from the reference case of Finnie and Jeppson

(1991). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53



List of Tables

2.1 Advice of entrance length for model. Edited from Bonakdari et al. (2014). . . . . . . . . 7

3.1 Different stages in this study. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17
3.2 Flow parameters for the k­epsilon turbulence models, for a turbulence intensity 𝐼 = 10% 19
3.3 Boundary conditions for the different cases. . . . . . . . . . . . . . . . . . . . . . . . . . 21
3.4 Two­phase initial and boundary conditions. The ”walls” parameter was used in the mod­

elling phase with the device placed. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22
3.5 Cases for sensitivity study coefficients. The text in bold describes the deviations from

the model of c01. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23
3.6 Assessed particles . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24
3.7 Boundary conditions for the different cases. . . . . . . . . . . . . . . . . . . . . . . . . . 25

4.1 Entrance length results. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26
4.2 Average results y+. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28
4.3 Maximum and mean velocity of the different flow velocity cases . . . . . . . . . . . . . . 29
4.4 Maximum and minimum underestimations in percentages. . . . . . . . . . . . . . . . . . 36
4.5 Spin­up times for the flow velocity HDPE and PP resins. . . . . . . . . . . . . . . . . . . 37
4.6 Entrance length for the different flow velocity cases for HDPE and PP material . . . . . 38
4.7 Maximum downward flow velocity just in front of the system, at x=24.999. . . . . . . . . 43
4.8 Final concentrations near the interception system at (x,y) = (25; 0.25). . . . . . . . . . . 49
4.9 Spin­up time near the interception system at (x,y) = (25; 0.25). . . . . . . . . . . . . . . 49

5.1 Approximate water level just in front of the system for submerged flow and a free­surface
model, calculated from the energy head, situated at x=25 m in the model. . . . . . . . . 53

x



Nomenclature

Physics constants

𝑔 Gravitational acceleration 9.8 m/s2

Latin symbols

𝛼𝑝ℎ𝑎𝑠𝑒 Phase fraction of the given phase [­]

𝑎 Certain location in depth [m]

𝐴𝑝 Area particle [m2]

𝐶 Chézy coefficient [m1/2/s]

𝑐 Particle concentration [kg/m3]

𝐶1 Model coefficient, by default equal to 1.44 [s]

𝐶2 Model coefficient, by default equal to 1.92 [­]

𝐶𝜇 Model coefficient, by default equal to 0.09 [­]

𝑐𝑎 Concentration of particles at given point 𝑎 [kg/m3]

𝐶𝐷 Drag coefficient [­]

𝑐𝑓 Friction coefficient [­]

𝐶3,𝑅𝐷𝑇 Rapid­distortion theory compression term coefficient, by default equal to 0.0 [­]

𝐷 Particle diameter [m]

𝐷𝜖 Effective diffusivity for 𝜖 [m2/s]

𝑑𝑒𝑓𝑓 Effective particle diameter [m]

𝑓𝑖 Driving force [N/m3]

𝐺 Turbulent kinetic energy production rate due to the anisotropic part of the Reynolds­stress
tensor [m2/s3]

ℎ Water depth [m]

𝐼 Turbulence intensity [%]

𝐾 Drag parameter [­]

𝑘 Turbulent kinetic energy [m2/s2]

xi



NOMENCLATURE xii

𝑘𝑠 Nikuradse roughness height [m]

𝐿 Reference length scale [m]

𝓁 Turbulence length scale, 0.07 ⋅ 𝐿 [m]

𝐿𝑒 Entrance length [m]

𝑀𝑎 Interphase momentum force [N/m3]

𝑀𝑑𝑎 Drag force [N/m3]

𝑀𝑡𝑑𝑎 Turbulent dispersion force [N/m3]

𝑀𝑣𝑚𝑎 Virtual mass force [N/m3]

𝑀𝑤𝑙𝑎 Wall lubrication force [N/m3]

𝑃 Turbulent kinetic energy production rate [m2/s3]

𝑝 Fluid pressure [m2/s2]

𝑝 Average pressure [m2/s2]

𝑝′ Deviations in the pressure [m2/s2]

𝑝𝑟𝑔ℎ Hydrostatic pressure [m2/s2]

𝑅𝑝 Radius particle [m]

𝑅𝑒 Reynolds number [­]

𝑅𝑒𝑝 Particle Reynolds number [­]

𝑆𝜖 Internal source term for 𝜖 [kg/s3]

𝑆𝑘 Internal source term for 𝑘 [kg/s3]

𝑆𝑏𝑖𝑗 Deviatoric part of the fluid­phase strain rate tensor [kg/s3]

𝑆𝑓𝑣𝑂𝑝𝑡𝑖𝑜𝑛𝑠,𝜖 Source term introduced by fvOptions dictionary for 𝑘 [kg/s3]

𝑆𝑓𝑣𝑂𝑝𝑡𝑖𝑜𝑛𝑠,𝑘 Source term introduced by fvOptions dictionary for 𝜖 [kg/s3]

𝑡𝑙 Characteristic timescale of energetic eddies [s]

𝑡𝑝 Particle response time [s]

𝑢 Average velocity [m/s]

𝑢′ Deviations in the velocity [m/s]

𝑢+ Dimensionless velocity [­]

𝑢𝑓𝑖 Fluid velocity in different directions, with 𝑖 = 1, 2 used for the streamwise and vertical compon­
ent, respectively [m/s]

𝑢𝑃 Velocity particle [m/s]

𝑢𝑝𝑖 Particle velocity in different directions, with 𝑖 = 1, 2 used for the streamwise and vertical com­
ponent, respectively [m/s]



NOMENCLATURE xiii

𝑢∗ Friction velocity [m/s]
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1
Introduction

This chapter provides the underlying problem and the relevance of this study in the first section. Then
the connected objectives and research questions are elaborated on. Ultimately the reader’s guide is
presented in the third section.

1.1. Problem statement and research gap
Plastics have been incorporated worldwide and designed for multiple functions, such as food pack­
aging, security and manufacturing of goods. The material has been increasingly used over time and
ranges in size, volume and composition. Since 2014, global production of plastic exceeds 300 million
tonnes per year (PlasticsEurope, 2016). This number is expected to rise over the years, as due to
its material properties plastic is more favourable in situations than for example glass, steel and alu­
minum due to its durability and low price. Their high stability and durability can be favourable for their
designed use, but unfavourable in degradation of the item in the natural environment (Lebreton et al.,
2017).

Plastic collection in oceanic environments has proven to be a challenge in the last years (Fairs, 2019).
Furthermore, the amount of debris has been found to be increasing in the Great Pacific Garbage Patch,
because of its low biodegradability and plastics only tend to break down into smaller pieces (National
Geographic, 2021). The source of the accumulation of plastic material comes mostly from riverine
areas. An approach where plastic can be collected from rivers can be more successful than that of
plastic in the ocean due to the scale of this aquatic body. Different designs have been developed, but
these have been tested on a low number of real locations and do not always achieve results that were
expected.

Concentrations of plastics in Dutch rivers have been measured and efforts have been made to quantify
this number in plastic fluxes (Mani et al., 2015; Van Emmerik and Schwarz, 2020). In the Netherlands
it is important to retrieve plastics from rivers as the debris ends up in waste water treatment plants, in
the sea and in the river banks, of which the latter is harmful for ecosystems (Michielssen et al., 2016;
Kooi et al., 2018b).

In developing countries these concentrations weremeasured to be even higher, where areas near rivers
can get flooded because of plastic debris getting stuck in the river (see Fig. A.3) (Honingh et al., 2020).
The clogging of urban drainage infrastructure due to the accumulation of plastic consumer goods in
waterways has produced lethal floods in the past (Hinshaw, 2015). Both in the Netherlands and in
other countries the urgency in removal of debris in rivers arises on an economic level as well: a study
by Deloitte (2019) found that the economic damage of the marine plastic accumulation led to $6 to 19
billion.

Plastics are the main small­scale polluters in rivers and represented more than 97 % of all small and
micro particles caught in the Rhine, Po and Danube river (Van der Wal et al., 2015). The mostly applied
classification of plastics is a subdivision into three classes (González et al., 2016):
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• Microplastics, with a grain size of at least 1 and smaller than 5 mm;

• Mesoplastics, with a grain size larger than or equal to 5 mm and smaller than 25 mm;

• Macroplastics, with a grain size larger than or equal to 25 mm.

Microplastic concentrations in the Waal and Rhine have been assessed to be almost 900,000 micro­
plastic particles per km2 on average, with a peak 3.9 million particles per km2 in a single sample by
Mani et al. (2015) in the Ruhr­area in Germany in 2014. These particles spread out from Germany
and travel further downstream towards the Netherlands. Macroplastics are found of different resins:
assessments of bulk plastics by Vriend et al. (2020) mentions that 1.3–9.7 kg floating litter was found in
the River Rhine per day for floating macrotransport. Removing residual plastics in the river is essential,
because in the river itself these particles can be captured and consequently be recycled. When mac­
roplastics are transported into the ocean, it is going to need increased effort to capture these particles
due to changing currents due to the tide and wind, varying water depths in the ocean and further de­
gradation.

More knowledge in the transportation and removal of these plastics is preferred (Conchubhair et al.,
2019), with the source of plastics in the river being difficult to mitigate, as numerous sources are re­
sponsible for the plastic pollution (see Appx. A.1.2 for an overview of these sources). Research has
been undertaken in determining the settling or rise velocity in laboratory conditions (Waldschläger and
Schüttrumpf, 2019b) for small particles and on the pathway of films in a horizontal flume Zaat (2020)
for HDPE and LDPE films.

It is unknown what the trajectories of other plastics in the water column are and more importantly,
how these trajectories can be modelled for plastic particles. Modelling these trajectories enables rapid
assessments for different river discharges, water depths and river beds. Ultimately , knowledge in the
trajectories of plastics with different properties in the horizontal and vertical direction can help engineers
in the design of plastic removal systems.

1.2. Objective and research question
This report aims to bring more knowledge into the research field on how certain plastic resins can be
effectively modelled in the water column and how this material can be collected by an interception
system.

The main research questions therefore reads:

How can plastics be computationally modelled and be captured by an interception system in a riverine
reach for different flow velocities?

It is important to first replicate a known case before investigating trajectories of these particles with an
interception system. This report views the replication and the investigation of the trajectories with an
obstruction as two different objectives.

The plastic path in the water column among other things is dependent on the flow velocity and the
turbulence. This path can be predicted with computational fluid dynamics (CFD) modelling. There is
much to choose from the different packages and software available. The model can be tailored to find
the correct solution in this way. It is therefore necessary to take enough time to come up with the
appropriate tools of the CFD environment and gather knowledge of the different tools. This research
simulates the characteristics of turbulent flow and is a simplification of the reality. Modelling and cal­
ibrating a flume­like system with the data of Zaat (2020) can aid the predictability of the pathway of
plastics in the water column.

Equilibrium conditions in straight reaches can give a solid basis to compare different cases. This is
difficult for varying flow conditions and thus only a short straight reach is defined. The desired outcome
is a model that has the capability of reproducing the interception device and the pathway of plastic
material, while also giving a methodology on the establishment of such a model.



1.3. Report structure 3

Sub­questions have been set up in support of the aforementioned main research question.

a. How can a channel with plastic debris and an interception system be modelled in a CFD pro­
gramme?

b. What is the required distance for both turbulent flow and that of particles to reach an equilibrium
profile?

c. How can a concentration profile similar to the results of Zaat (2020) for the plastic flux be replicated?

d. How can the relationship between the flow in front of an interception device and that of plastic
properties be defined in terms of retention of a plastic flux?

The answers to these questions give a prediction for large­scale systems in expected trajectories of
plastic particles in flume flows, such as riverine areas. In the future this basis can aid engineers in the
mitigation of plastic accumulation in oceans from rivers.

1.3. Report structure
The outline of this projects can be schematised as in Fig. 1.1. Three main pillars in this study can be
described, which are the representation of flow, of plastics and the interception system of plastic debris.
It is done step by step to indicate clear differences between model and theoretical results, as the rep­
resentation of plastic and the interception is a niche with physical model tests in its emergence.

In this framework four different items per pillar are indicated. These are the analogies with earlier
knowledge per field in the upper row, followed by the assumptions made per step. Then the distinction
between steady and transient solver has been made per column in the third row and finally the phases
of flow are given. Releases of very light material, neutrally buoyant material and HDPE and PP resins
are simulated for the phases of the representation of plastic and the interception of it.

The context for this study is given in Chapter 2. This chapter gives information into turbulent flow, ap­
proaches made to approximate this flow behaviour with time averaged models. Consequently particle
transport and the application of this for plastic transport is discussed. Available physical model tests
and measurements are described here as well. Then flow near an interception system is given in
the last section. The methodology is presented in Chapter 3. The results for this study are given in
Chapter 4. This study is then reflected upon in Chapter 5, wherein the applicability of this project in
further cases is especially described, as a simplification as presented in this study has its implications.
Ultimately the research questions are answered and recommendations are given in Chapter 6.

Figure 1.1: Thesis framework.



2
Background

This chapter handles the technical information necessary for this study. Literature related to the different
topics is investigated and background is given on how these aspects can be modelled. Firstly, turbulent
flow is discussed. Then processes related to particle and plastic transport and modelling are given.
Ultimately, the state of the art of interception systems and their analogies with theory are treated.

2.1. Turbulent flow
Turbulent flow is characterised by disturbances in the horizontal and vertical and is the opposite of
laminar flow, which is flow with no disruption. In this section the physical processes behind turbulent
flow are described and following that the numerical interpretation of CFD modelling of turbulence is
explained.

2.1.1. Physical processes
Turbulent flow is described by irregularity in flow, mixing of particles and vorticity fluctuations. Flow
can be classified as turbulent with a Reynolds number larger than 4000, see Eq. A.1. Typically the
velocity and pressure can be regarded as a mean and an additional component, which describes the
randomness of the parameters in turbulent flow:

𝑢 = 𝑢 + 𝑢′ 𝑝 = 𝑝 + 𝑝′ (2.1)

When time averaged, the mean of the fluctuations is equal to zero. However, these fluctuations need
to be considered when working with turbulent flow as these contribute to a turbulent shear stress. The
mean flow is driven by a pressure gradient in the streamwise direction.

The flow velocity can be described as a profile with an increasing velocity gradient over the depth.
This velocity profile is the turbulent boundary layer. The turbulent boundary layer can be divided into
three different zones, the viscous sub­layer, a region that can be described by a logarithmic function
and the velocity defect region, that follows a defect law because of a velocity deficit with respect to the
free­stream velocity (Ting, 2016). This is further elaborated on in the next sections.

2.1.2. Bed roughness
The shape of the velocity profile at the bottom is dependent on the bed roughness. For hydrodynam­
ically rough beds, the lower layer of this bed is defined by 𝑦0. It is defined as the height where the
extrapolated log profile is zero (Van Prooijen, 2020). The bed roughness is approximately 30 times

4



2.1. Turbulent flow 5

the Nikuradse roughness height for rough beds. This is defined as the diameter of the grains for a
completely flat bed and uniform spheres or a representative grain diameter.

In CFD models the value for the Nikuradse roughness height can be manually set and is related to
the evaluations of the velocity distribution, shear stress and erosion depth. Nikuradse (1933) found an
expression for this from measuring the velocity profile and pressure drop in smooth and rough pipes,
see Eq. 2.2:

1
√𝑐𝑓

= 1
𝜅 (ln(

ℎ
𝑦0
) − 1) , with 𝑘𝑠 = 30 ⋅ 𝑦0 (2.2)

Another expression for the roughness height is written from the Chézy number:

𝐶 = 18 log10(
12ℎ
𝑘𝑠
) , 𝐶 = √𝑔/𝑐𝑓 (2.3)

The relationship between the non dimensionless velocity and the Nikuradse bed roughness for fully
rough beds (𝑢∗𝑘𝑠/𝜈 > 70) can be described as in Eq. 2.4. In the next sections the non­dimensional
velocity is explained with the use of defining the logarithmic velocity distribution.

𝑈+ = 1
𝜅 ln

𝑦
𝑘𝑠
+ 𝐵𝑘 (2.4)

2.1.3. Logarithmic velocity distribution
For the layer above the flow can be approximated by a logarithmic velocity distribution. The law of the
wall has been developed for this region, which describes the flow over the depth sufficiently (Jackson,
1981), see Eq. 2.5. This flow velocity profile is commonly solved with turbulence models as the flow
field is complex to solve.

𝑢 = 𝑢∗
𝜅 log ( 𝑦𝑦0

) (2.5)

2.1.4. Turbulent flow modelling
A common approach to model incompressible turbulent flow is by applying Reynolds­averaged Navier–
Stokes (RANS) equations. The fluctuating component of the velocity is the Reynolds stress, which
accounts for the effects of the turbulent fluctuations in the fluid momentum balance.

One of the mostly applied turbulence models is the 𝑘−𝜖 model (Lee and Wahab, 2019). The transport
variables 𝑘 represents the turbulent kinetic energy and 𝜖 the turbulent dissipation rate. The Boussinesq
approximation can be applied for these models, which represents the momentum transfer by an eddy
viscosity. The 𝑘 − 𝜖 turbulence model is a two equation model, as two extra transport equations to
represent the turbulent properties of the flow.

The two equation 𝑘 − 𝜔 turbulence model is frequently used as well. This is best used for near­wall
treatment (Menter, 1992). A combination of both models is the 𝑘 − 𝜔 (Shear Stress Transport) SST
turbulence model. This model applies the 𝑘 − 𝜔 turbulence near­wall and the 𝑘 − 𝜖 in the field.
The largest scales can also be solved directly with the Large Eddy Simulation (LES). This ignores the
small field perturbations as these are computationally the most expensive to solve. The flow is not
regarded as steady anymore and needs smaller time steps. It offers increased fidelity, but also needs
increased mesh resolution to capture all these details directly (Ideal Simulations, n.d.).

Direct numerical simulation (DNS) is computationally the most expensive and solves both the large and
small scale process in the field, until the smallest turbulence scales, the Kolmogorov length scales. The
necessary mesh resolution and time steps for these simulations are estimated to be approximately the
cube of the Reynolds number (Ideal Simulations, n.d.).
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2.1.5. Wall functions
At the area close to the wall, around 20% of the grid, the near­wall flow is typically approached with a
wall function (Liu, 2016b). Relevant parameters for the near­wall region are defined in the equations
given in Eq. 2.6.The value for 𝑦+ defines the layer for the different flow regimes.

𝑦+ = 𝑦 ⋅ 𝑢∗
𝜈 𝑢∗ = √

𝜏𝑤
𝜌 (2.6)

The dimensionless velocity connected to the dimensionless distance to the wall is given by:

𝑢+ = 𝑢
𝑢𝑇

(2.7)

The near­wall region can be subdivided into four regions, as can be seen in Fig. 2.1:

• Viscous sub­layer, where viscous stress dominates the flow, with 𝑦+ < 5 and the dimensionless
velocity given by:

𝑢+ = 𝑦+ (2.8)

• Buffer layer, where viscous and turbulent stresses are of similar magnitude. In the buffer layer
the model approaches the flow with one of the two aforementioned relations, with the first cell
centre located in the buffer layer (Liu, 2016a; OpenCFD Ltd, 2018).

• Log­law layer, where turbulent stress dominates the flow. This is for 30 < 𝑦+ < 200, given by:

𝑢+ = 1
𝜅 ⋅ ln𝑦

+ + 𝐵 (2.9)

• Defect layer, the layer close to the water surface the velocity profile deviates slightly from the log
law. This is defined by the law of the wake (Coles, 1956). The name comes from the observed
deviation which has a wake­like shape relative to the free stream .This is especially seen in flow
with a pressure profile and is constrained primarily by inertia rather than by viscosity (Apsley,
2009).

Figure 2.1: Regions with different flow regimes, edited from Liu (2016b).
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2.1.6. Entrance length
When modelling turbulent flow, boundary conditions need to be imposed. The flow velocity usually
needs to develop to an equilibrium profile from this imposed velocity profile at the inlet. This distance
is called the entrance length 𝐿𝑒, see Fig. 2.2. Typically the velocity gradients in the entrance and near
the channel bed are high. This is because of the fact that the boundary layer increases over a certain
length (Bonakdari et al., 2014).

No consensus has been reached what this exact entrance length needs to be. The developing turbulent
flow in an open channel is influenced by the secondary currents and free surface effects and it is a big
challenge to come to an analytical solution. Previous research was mostly based on the water depth.
A collection was made by Bonakdari et al. (2014) to see what the advice was for these entrance length
in previous research, see Tab. 2.1.

Bonakdari et al. (2014) also discovered that other parameters also influenced the entrance, or estab­
lishment length. This length decreases for increasing channel roughness and is independent on the
Froude number. When the boundary layer is still growing, no equilibrium conditions will be encountered,
which can also be seen in Fig. 2.2.

Table 2.1: Advice of entrance length for model. Edited from Bonakdari et al. (2014).

Reference Type of channel Entrance length over depth
𝐿𝑒/ℎ [­]

Grass (1971) Smooth and rough 130
Dean (1978) Smooth 55
Nezu and Rodi (1985) Smooth 60­90
Cordaso et al. (1989) Smooth 69­108
Graf (1991) Rough 140
Ranga Raju et al. (2000) Smooth and rough 50­100
Zanoun et al. (2003) Smooth 115
Lien et al. (2004) Smooth 130

Figure 2.2: Development of the boundary layer (Bonakdari et al., 2014).
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2.2. Particle transport
In this section the processes for particles in suspension are described for spherical particles. This
is then compared with current knowledge into plastic transport from physical tests and computational
models.

2.2.1. Bed load and suspended load
River sediment can be distinguished in two categories, as bed load and suspended load. Bed load
consists of the larger sediment and is situated at the river bed.

Suspended load is sediment that is transported in the water column. Typically this is finer material with
less energy needed to transport these particles. It can be said that the flow speed of the river at the
given water depth is the same velocity of the travelling particle.

2.2.2. Settling
Three forces act on a particle for very small Reynolds numbers, which are the drag, gravity and buoy­
ancy force. Expressions for the forces for a spherical object are found in Appx. A.4.1. For spherical
particles, which is equal to a shape factor of 1, the rise and settling velocity can be derived from the
balance between these forces. Settling occurs when the force induced by gravity is larger than the
upward forcing.

When assuming a perfectly spherical plastic particle, then the particle behaves as a Stokes particle.
The particle settling velocity is then equal to the Stokes settling velocity and is given as Stokes’ law.
This finds application in several areas, particularly with regard to the settling of sediment in fresh water
and to measurements of the viscosity of fluids. The equation for the Stokes’ settling velocity is given in
Eq. 2.10:

𝑣𝑆𝑡𝑜𝑘𝑒𝑠 =
2
9𝑅

2
𝑠
𝜌𝑝 − 𝜌𝑤
𝜂 ⋅ 𝑔 (2.10)

Drag consists of form drag and friction drag. The form drag relates to 1/3 of the drag for form drag and
2/3 for the friction drag for Stokes particles and for low Reynolds numbers. Form drag comes from the
separation of the boundary layer from a surface and the wake created by this separation. (Skybrary,
2017) It is primarily dependent upon the shape of the object. The friction drag comes from the fact that
the fluid experiences friction against the surface of a particle.

2.2.3. Turbulent dispersion
Movement of particles through the water column is enhanced by turbulence. The transportation of a
particle is dependent on the velocity profile, which mostly is a turbulent velocity profile in Dutch rivers
throughout the year (Uijttewaal, 2014). The flow velocity profiles for a straight channel are given in
Fig. 2.3, over the horizontal Section 2.2.3 and vertical profile Section 2.2.3. The spreading of the
particles over the depth occurs randomly because of these turbulent motions.
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(a) Horizontal profile. (b) Vertical profile.

Figure 2.3: Velocity profiles of a straight channel with turbulent flow. Edited from Kudela (n.d)

The turbulent diffusion of particles is dependent on the turbulent eddy viscosity. This can be defined as
Eq. 2.11 from the law of the wall. The particle distribution can be expressed from this equation under
certain conditions, which is the Rouse profile.

𝜈𝑡 = 𝜅𝜌𝑢∗𝑦 (1 −
𝑦
ℎ) (2.11)

2.2.4. Rouse profile
The sediment distribution over the water column can be approximated by an empirical formulation. This
is the and is dependent on several assumptions:

• There is a steady flow in a uniform channel;

• The particles have a constant and uniform size and density;

• The resulting shape of the eddy viscosity profile is parabolic;

The Rouse number is dependent on the Schmidt number, which relates the turbulent eddy viscosity
number over the eddy diffusivity number, Eq. 2.12:

𝜎𝑇 =
𝜈𝑡
𝜖𝑇

(2.12)

The eddy diffusivity can be expressed as the combination of Eq. 2.11 and Eq. 2.12:

𝜖𝑇 =
𝜅𝜌𝑢∗
𝜎𝑇

𝑦 (1 − 𝑦ℎ) (2.13)

The sediment balance under the aforementioned assumptions is given in Eq. 2.14. From this the
expression for the Rouse profile can be found.

− 𝜕
𝜕𝑦 (𝑤𝑠𝑐) −

𝜕
𝜕𝑦 (𝜀𝑇,𝑦

𝜕𝑐
𝜕𝑦) = 0 (2.14)

Integration and a boundary at the height y=h and constant=0 yields the expression as in Eq. 2.15:

𝑤𝑠𝑐 = −𝜖𝑇,𝑦
𝑑𝑐
𝑑𝑦 (2.15)

The expression for the Rouse profile can be found by expressing the eddy diffusivity according to
Eq. 2.13 and integration to 𝑐 and 𝑦 at the left hand side (LHS) and right hand side (RHS). The sediment
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Figure 2.4: Typical concentrations for varying values of the Rouse number. Note that 𝛽𝑎 > 𝛽𝑏. From Van Prooijen (2020)

concentration 𝑐𝑎 at point a is derived from an integration constant and the resulting equation for the
Rouse profile for sediments is given in Eq. 2.16 and the Rouse number 𝛽 in Eq. 2.17:

𝑐 = 𝑐𝑎 (
𝑎

ℎ − 𝑎
ℎ − 𝑦
𝑦 )

𝛽
(2.16) 𝛽 = 𝜎𝑇𝑤𝑠

𝜅𝑢∗
(2.17)

The Rouse number indicates whether the particle distribution is close to the bed for high values of 𝛽
and distributed nearer to the surface for lower values of 𝛽. This variability in concentration with respect
to the Rouse number is given in Fig. 2.4 and from the variables of Eq. 2.17 it can be quickly said when
the Rouse profile shows a trend downward or upward.

From these concentration profiles it is possible to determine the settling velocity. The eddy diffusivity
profile actually is not completely parabolic, but runs uniform near the surface and thus the mixing is
underestimated with the Rouse profile and thus the near surface concentration (Van Prooijen, 2020).
The Rouse profile is still considered to be a very accurate approach to the problem.

2.2.5. Plastic found in water bodies
Studies on rapid plastic waste assessment in rivers covered mostly the resins PET, POsoft, PP and
HDPE (Van der Wal et al., 2015; Vriend et al., 2020). Rise and settling velocities for these particles
have not been studied extensively, but studies on the rise or settling velocity have been undertaken by
Reisser et al. (2015) and Zaat (2020). Reisser et al. (2015) found that the median rise velocity near the
water surface was 0.0125 m/s for plastics of a few centimeters.

Van Emmerik et al. (2019) stated that in the upper part of the water column, to 0.4 m depth at a total
depth of 1.0 m, registered a concentration of 5 times as high as in the lower layer in Indonesia. Mani
et al. (2015) stated that in the Rhine measured data at different water levels in the Rhine and stated
that the focus towards the water surface when calculating daily freight discharges was justified, with
no measurable plastic at a higher water depth. A focus to retain particles near surface therefore is
desired.

2.2.6. Concentration profiles of plastic material
While the Rouse profile in Section 2.2.4 is for sediment, this profile can be inverted for rising particles.
The concentration profiles over the depth can be approximated by a line similar to an inverted Rouse
profile that for positively buoyant plastics (Reisser et al., 2015; Sundby, 1983; Zaat, 2020). Similarly to
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the settling velocity, the rise velocity can be defined as in Eq. 2.18:

𝑤𝑟 = √
2𝑔 ⋅ (𝜌𝑓 − 𝜌𝑝) ⋅ 𝑉𝑝
𝐶𝐷 ⋅ 𝜌𝑓 ⋅ 𝐴𝑝

(2.18)

The spreading of plastic films in a flume at Delft University of Technology was assessed by Zaat (2020).
The dimensions of this flume are a depth x width x length of 0.25 m x 0.40 m x 15 m. The release was
performed for 100 plastic films at 7 different depths, with a setup of 6.7 m between the release and
measurement of the plastic film. The dimensions of the plastic films were 30x40 mm2 and a few mm
thick. These were scaled from plastic bags, typically found in riverine areas.

Tests were performed for different propagation velocities in fully developed, uniform flow. The flow was
turbulent and the flow velocity was assumed as a depth averaged velocity profile. The results for the
different tests performed by Zaat (2020) are visualised in Fig. 2.5. The particles are mostly abundant
near the water surface, as is expected for positively buoyant particles and the results can be roughly
described with a Rouse profile times a form factor 𝛼𝑓𝑖𝑙𝑚 = 0.64.

Figure 2.5: Concentration distribution profiles normalised to the near surface measurement 𝐶𝑎 for three velocities. The three
obstructions are compared with the undisturbed distribution, from Zaat (2020).

Obstructions in the water column were also tested. A solid gate of 1/5 of the water depth was tested
just below the water surface, as well as a bottom sill and a obstruction half way the depth of the same
dimension. It showed that plastic films were captured, but eventually that the plastic passed underneath
the gate when these where in abundance adjacent to the gate. Large uncertainties are connected to
this study, as only a rapid assessment for these particles was performed.

2.2.7. Particle modelling in liquid flow
Particles in turbulent flow can be modelled with a two­phase model. There are different modelling
approaches for two­phase modelling, which are DNS, Lagrangian particle tracking and Euler­Euler
modelling. The non­applicability of DNS was discussed in Section 2.1.4. The Lagrangian­Eulerian
and Euler­Euler model are the most commonly applied modelling approaches on macroscale (Rusche,
2003).

Lagrangian particle tracking consists of an Eulerian description of the fluid phase and solves the tra­
jectories of the particles in a Lagrangian framework. An advantage of this is that for each particle the
movement is accounted for in the equation of motion explicitly for the motion of each particle, meaning
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that explicit particle properties and flow vectors can be specified. A disadvantage is that each particle
needs to be solved individually for the dispersed phase, which can be of large computational effort for
high concentrations.

In the Euler­Euler model both the particle and the fluid phase are described using Eulerian conservation
equations. A separate continuity and mass conservation equation is solved for both phases. Per cell
these equations are solved and the phases share the same pressure field. The momentum equations
for phase 𝑙 and 𝑝, for no mass transfer is given in Eq. B.18. Here, 𝑙 represents the liquid or fluid phase
and 𝑝 the particle or solid phase.
Both phases are described as interpenetrating continua and because of this share the momentum
and continuity equations (Busch, 2015). Particle­fluid interactions can be describes as dispersed­
continuous phase interactions, meaning that every cell can take any value of the volume fraction
between 0 and 1 for both phases, as long as the total of both phases is 1. The other option available
is continuous­continuous, meaning that a cell is restricted to a volume fraction of 0 or 1. The plastic
particles can be seen as dispersed flow, as this consists of the smallest concentration and therefore
spreads in the larger continuum, which is the fluid phase.

2.2.8. Interphase momentum exchange
The Reynolds averaging process introduces the phase fraction 𝑎 into the equation set, which is defined
as the probability that a certain phase is present at a certain point in space and time. The averaging
process causes loss of information with additional terms in the averaged momentum equation for each
phase. Besides the Reynolds stresses another term arises, which is the interphase momentum transfer
term. Because the momentum equation for both phases is solved in every cell, the velocity of both
particles is different due to drag and interphase forces, which creates an interphase momentum transfer
(Wimshurst, 2019). The interphase drag is considered as the primary mechanism in the momentum
transfer, because this reflects the two­phase flow effects for both the dispersed and continuous phase
in determining the flow fields (Akimi, 2010).

The interphase momentum transfer term is given by the sum of different forces on the particles, which
is given by the momentum exchange terms due to the drag force and the virtual mass force, the lift
force, the wall lubrication force and the turbulent dispersion force respectively, see Eq. 2.19 (Kumar
et al., 2018). The drag force and the virtual mass force are considered to have the largest influence on
liquid­solid flow (Syamlal et al., 1993).

M𝑎 =M𝑑
𝑎 +M𝑣𝑚

𝑎 +M𝑙
𝑎 +M𝑤𝑙

𝑎 +M𝑡𝑑
𝑎 (2.19)

Where:

• 𝑀𝑑𝑎 is the drag force;

• 𝑀𝑣𝑚𝑎 is the virtual mass force;

• 𝑀𝑙𝑎 is the lift force;
• 𝑀𝑤𝑙𝑎 is the wall lubrication force;

• 𝑀𝑡𝑑𝑎 is the turbulent dispersion force.

The drag force specifies the relative velocity between the phases and acts opposite to the relative
motion of the particles moving with respect to the surrounding fluid. The magnitude of the drag force
exerted on a body moving in a fluid depends on the velocity of the body relative to the medium, the
viscosity and density of the medium, the shape and cross­sectional area of the body, and the roughness
of its surface (Peker et al., 2008).

If a particle or bubble is transported in a fluid field, the near field also needs to be accelerated. This can
be seen as the particle having added or virtual mass. Research has been undertaken into the effect of
virtual mass coefficient and when the virtual mass coefficient is set as 0, this effect is not simulated and
the removal of the virtual mass force generated instabilities at the inlet (Ghione, 2012). The effect due
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to virtual mass appears only in unsteady flows. Cheng et al. (2017) advised a virtual mass coefficient
of 0.5.

The lift force or Magnus force is a force that acts upon a rotating particle when it is transported through
the fluid. Due to the spinning of the particle a deflection in perpendicular direction to the spinning axis
and the velocity vector is generated.

The wall lubrication force can be included for liquid­gas bubbly flows. The wall lubrication force pushes
the dispersed phases away from walls. The effect is that the dispersed phase is concentrated in a
region near, but not immediately adjacent to, the wall (Ansys, 2009).

Turbulent dispersion is the effect where a constant flux of particles moving through a turbulent fluid
spreads out. Two mechanisms govern this particle dispersion, related to the turbulent carrier flow and
to its particle properties (Huilier, 2021). It should not be confused with molecular diffusion, which is
the phenomenon where particles move from a high to low concentration caused by Brownian motion
on microscopic scale. The turbulent dispersion force should be considered when turbulent eddies are
larger than the particle size simulated (Kasat et al., 2008). With additional turbulent dispersion forces
added, this effect can be resolved. This effect is usually added as a flux of dispersed material in the
continuity equation. The Burns drag model replicates this effect well and is shown to yield superior
predictions compared to other turbulent dispersion models (Burns et al., 2004).

2.2.9. Plastic modelling
Efforts have been made to describe the plastic trajectories in rivers and channels (VanWelsenes, 2019)
and in oceanic environments in Delft3D (Van Utenhove, 2019).

Van Welsenes (2019) quantified the effects that drive the horizontal transport of plastics at the water
surface. He found that the wind, water current and gravitational forces are the most significant factors
that influence transportation in the horizontal and possibly towards the river bank. Further findings were
related to river structures. A river confluence increases the concentration along the tributary side of
the channel, whereas a groyne increases the concentration at the side of the river where there is no
groyne.

In coastal waters, wind effects can even have a larger influence on the distribution of plastics (Van
Utenhove, 2019) and further increase the difficulty to capture plastic debris. An interception device in
the river is therefore deemed as a more suitable approach to this problem.

2.3. Interception system
Interception systems can be divided into different categories that follow the same mechanisms. There
are active systems that follow or move themselves to capture plastics and passive systems, meaning
that the systems are put at a certain location and guide the debris to an extraction point. The lat­
ter category is investigated in this research. Examples are the Interceptor developed by the Ocean
Cleanup, the Shoreliner by Tauw and the Litterboom project by Obscape, see Fig. 2.6. These systems
have been tested at several locations and are scalable for different situations (Tauw, 2019; The Ocean
Cleanup, 2020; Obscape, n.d.). Placing clean­up infrastructure in areas with a constant influx could
significantly decrease the amount of plastic litter entering the open ocean (Van Emmerik and Schwarz,
2020).
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(a) The Shoreliner, from Tauw (2017). (b) The Interceptor, from The Ocean Cleanup
(2020).

(c)Mr. Trash Wheel, from Calvert (2019). (d)Catchy, from Allseas (2021).

Figure 2.6: Different interception systems.

2.3.1. Principle of operation
The systems in Fig. 2.6 can be schematised as passive systems, meaning that debris is guided without
the input of energy by the system. The systems float on the water and consist of an arm or barrier
that over time guide the plastic material in a retention system. The floating barriers are usually placed
diagonally with respect to the flow.

The Shoreliner can be placed in such a way that the wind and current transports the plastic debris
towards the system and needs no energy itself to work. The debris in the Shoreliner needs to be re­
moved by a mechanical arm periodically. The waste gets sorted and the plastic recycled when removed
(Tauw, 2019). The Interceptor guides debris in rivers with two different guidance arms. Then a con­
veyor transports the garbage into garbage bins. These need to be periodically emptied. All electronics
on the system are solar powered.

The Trash wheel and Catchy consist of a two booms as well, with a collection tray behind these. The
Trash Wheel was designed for the city of Baltimore, USA. It has collected more than five hundred
thousand kg of trash (Campbell, 2016). No news has been published on the device designed by Allseas,
Catchy.

2.3.2. Analogies with theory
Current insights into the effect of the flow of the placement of a plastic interception system is limited.
However, the flow under objects or submerged sluice gates can serve as reference cases. The effect of
these components on the flow is well known, with physical and computational tests applied. Tests with
an opening of roughly halfway the depth (ℎ/𝑎 ≈ 1.9), with 𝑎 being the gate depth under the gate, similar
to the physical and computational tests applied by Finnie and Jeppson (1991) and computational efforts
by Shammaa et al. (2005) and Montes (1997) can serve as a reference to verify the hydraulics around
the system.
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The measuring techniques of the flow in that time were not the most sophisticated meters, but no more
accurate meters were available and that the placement of the probes proved to be a challenge. A
finite element method was applied with a 𝑞 − 𝑟 variable substitution by Finnie and Jeppson (1991).
This substitution uses the same assumptions as the 𝑘 − 𝜖 model, which assumes isotropic flow. The
results can also be verified with similar 𝑘−𝜖 model setups applied in later studies by Montes (1997) and
Shammaa et al. (2005). The different results can be seen in Fig. 2.7. It is clear that contraction occurs
for this experiment, with an increase of horizontal flow under the sluice gate. The vertical flow velocity
increases by a factor 10 halfway the water depth and could cause plastic debris to move underneath
an interception device.

Figure 2.7: Flow velocity under and upstream of a sluice gate with ℎ= 0.295 m and ℎ/𝑎 = 1.9, from Shammaa et al. (2005). x=0
describes the profiles just under the gate, with 𝑎=0.15 m upstream of the gate. Note that the positive velocities in the right figure
are orientated downward.

2.3.3. Research on plastic retention
The threshold whether a plastic particle is retrieved by the system is approximated with the observed
flow fields with the tests of Hoogevorst (2019). He proposed that the specific streamline where the
plastic debris is situated determines whether the plastic is retained by the system. Flow in front of the
structure contracts and a recirculation zone is generated just in front of the system. Dependent on the
opening and on the flow velocity, a downward velocity is generated in front of the structure.

Carleton and Nielsen (1990) compared the use of trash racks and that of floating arms, with booms
being similar to the systems in Fig. 2.6. The trash rack was placed over the full depth. It was found
that the booms were more effective in the retention of smaller plastic debris, which would flow through
the trash racks. The rack was better in capturing partially or fully submerged litter. These were drawn
under booms with the flow and escaped the interception mechanism.

During dry weather flow the floating boom showed a larger effectivity in retention of plastic debris than
that for higher flow. For high flow, the debris would tend to flow underneath the debris.



3
Methodology

The methodology is linked to the literature review and context in the previous chapter and to the three
segments in Fig. 1.1. These three segments are further elaborated in this chapter. These stages
are described in the next section. Then, the data available to verify this study is briefly explained in
Section 3.2. Section 3.3 describes the processes handled by the model and the computational solvers
set.

Next, the general model setup for the single­phase flow is described in Section 3.4. The single­phase
flow provides a validation on the hydrodynamics for the flow velocity profile and the turbulent eddy
viscosity profile. The particle dynamics needed to be verified as well. The process in finding the
accurate solver and model coefficients to ultimately replicate plastic particles and film dynamics is
given in Section 3.5.

In Section 3.6 a set of boundary conditions needed to be added to represent the interception device.
The flow pattern around the interception system was expected to be crucial for the retention of the
particles and was analysed. Then neutrally buoyant particles, particles representing very light debris
and HDPE and PP films were released in the model with the interception system placed. Ultimately,
the retention of the plastics by this device was assessed.

3.1. Stages
Three different cases were tested with steady state flow per modelling stage. These cases are a low
turbulent flow with an inlet flow velocity of 0.10 m/s, an inlet flow roughly similar to mean river flow
conditions of 0.55 m/s in the Rhine (Van der Wal et al., 2015) and a high flow velocity case of 0.90
m/s. The high flow velocity case can indicate how much debris is retained with a higher value for the
turbulent kinetic energy and thus a higher turbulent eddy viscosity profile. In reality plastic debris that
is at the bottom or at the river bank can get stirred up into suspension for conditions with higher flow
velocities, which enables the possibility of retaining these particles.

The simulations for the three different stage of Tab. 3.1. Per stage the model results were used in
later phases to compare the single­phase flow results with the two­phase flow with and without the
interception device.

The two­phase flow resembles the plastic flow in a flume. The tools applied, the release of the differ­
ent particles and the outcome of these steps are summarised in Tab. 3.1. These stages are further
explained in the next sections.
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Table 3.1: Different stages in this study.

Stage Single­phase flow Two­phase flow Retention of plastic

Tools Law of the wall
Parabolic eddy viscosity

Inverted Rouse profile
Flume experiment (Zaat, 2020)

Spin­up time
Concentration profiles

Release of particles ­

Light particles
Neutrally buoyant particles
HDPE films
PP films

Light particles
Neutrally buoyant particles
HDPE films
PP films

Outcome Entrance length
Spin­up time

Entrance length
Spin­up time
Model coefficients
Concentration profiles

Retention of plastic material

3.1.1. Single­phase flow
The outcome of this step monitors whether the boundary conditions and the initial conditions were
applied in such a way that the results are in line with theory on turbulent flow. The flow field was
compared with the log­law development of the velocity. The resulting turbulent eddy viscosity profile
from the turbulent kinetic energy and turbulent energy dissipation were compared with parabolic profile
over the depth from analytical results.

3.1.2. Two­phase flow
The resulting concentration profiles over the vertical were compared with the flume test results found
by Zaat (2020) and the inverted Rouse profile for the flow conditions. This step served as a calibration
of the particle concentration profile and indicated where discrepancies lie. The model was calibrated
with the use of interphase momentum transfer coefficients. Besides the concentration profiles from
these tests, the spin­up time and the entrance length to come to the equilibrium concentration profiles
for the different cases were assessed.

3.1.3. Interception of plastic
The interception system was added as a square obstruction in the grid that blocks the flow of both the
water and the plastic particles. An analogy can be made with flow under a weir or a partially opened
submerged gate, which contracts flow in a similar way.

Both single­phase and two­phase simulations were performed. The single­phase results give insight
how the flow propagates just in front of the structure and consequently how the vortex in front of the
structure impacts the retention of plastic. The two­phase simulations were performed in order to find
concentrations near the interception device for the different particles assessed.

3.2. Collection of data
The flume test set up by Zaat (2020) assumes an average flow velocity over the depth and imposes a
constant flow velocity. In the work, a bottom friction coefficient of 0.003 was assumed, resulting in a
Nikuradse roughness height of 0.004576, see Eq. 2.4.

The inverted Rouse profiles for the different rise velocities were compared with the concentration pro­
files at different points along the streamwise direction. Also, the profiles found by Zaat (2020) were
compared with the results found from these simulations. The goal was to find results similar to the in­
verted Rouse profile and the results of Zaat (2020) and served as a validation step for the model.

The release of films resulted in an inverted Rouse concentration profile times a constant, 𝛼𝑓𝑖𝑙𝑚.
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3.3. Application of CFD model
This section comprises the different tools necessary to run the simulation in OpenFOAM. The choice for
OpenFOAM lies in the versatility of the application: there are numerous single and multi­phase solvers
available for specific problems. First the model assumptions were handled, which defines the input for
the model and which forcing effects have been excluded. Then the type of solver applied is discussed.
The turbulence model for the different stages is described after that. The type of multigrid solver and
numerical schemes are discussed in the last subsection.

3.3.1. Model assumptions
Waves from shipping or wind input were not regarded in this study. This study applies the principles
in flow only and how the flow and particles can be modelled and subsequently be retained by an inter­
ception system. These particles were impacted by the principles of the flow only.

The model is viewed as a rigid­lid model for all the different cases, meaning that an equal water depth
was imposed over the domain. This generally provides a good representation of the flow velocity
(Kheirkhah Gildeh et al., 2016) and is less complex compared to a free surface model. For a free
surface model both air and water flows are considered and thus water level differences can bemodelled
(Kheirkhah Gildeh et al., 2016).

A no slip boundary condition at the bottom was assumed, which means that the velocity at the boundary
condition is the same at the boundary layer. There is no relative movement between the boundary and
this fluid layer, which means that there is no slip. This is usually applied in fluid parcel modelling,
especially because no erosion of the bed was considered (Rapp, 2017).

3.3.2. Transient and steady state solvers
Both transient and steady state solvers can be implemented and a distinction has been made between
the most applied incompressible solvers, which are the steady state SIMPLE solver, the transient PISO
solver and the combined PIMPLE (PISO­SIMPLE) solver. The solvers originate from the problem that
for incompressible flows, there is a pressure­velocity coupling problem, with no equation set up for the
pressure. The continuity equation acts as a restriction on the computed momentum field and iterations
are performed to find a solution that satisfies both the momentum and continuity equation. The entire
loop for the different algorithms is indicated in Fig. B.1. More background information into these solvers
is given in Appx. B.2. The single­phase modelling has been done with simpleFoam.

During the multi­phase stages in this study, the PIMPLE algorithm was applied. The combination of a
steady state solver together with a multi­phase solver is not commonly applied: two­phase flows are
intrinsically unsteady. Running transient simulations for a long time approaches a steady state solution
and the PIMPLE solver provides both a stable and accurate solution for that.

The two­phase modelling is performed with reactingTwoPhaseEulerFoam. The solver follows a
certain numerical procedure, which is specified as (Chauchat et al., 2017):

1. The particle concentration is solved;

2. The fluid concentration is updated;

3. The drag parameter is updated in the drag term;

4. The 𝑘 and 𝜖 parameters are solved and the turbulent eddy viscosity is then calculated;
5. It is solved for the particle interphase drag and the particle stress;

6. The PIMPLE loop is solved, see Fig. B.1;

7. These steps are iterated for the iterations set or when the relative tolerance is reached and then
this procedure is undertaken for the next time step.
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The spin up time for the different simulations was determined with the placement of probes, see
Appx. F.5.1. These can be set at different locations and per time step write the desired parameter.
This can then be plotted over time to see when the final solution has been reached. At x=25 m, and
near­surface, at y=0.25 m, a probe was placed to visualise the results for the pressure, flow velocity,
turbulent eddy viscosity and the plastic particle concentration.

3.3.3. Commands to run simulation
In OpenFOAM the mesh was constructed with the blockMesh command, which makes a mesh of a
predefined dictionary for the command, which is the blockMeshDict file, see Appx. F.5.2 and Appx. F.5.3.
In here lies information about the vertices of the grid, as well as which blocks in the mesh to be defined,
the inlet, outlet and wall locations. The number of cells need to be specified and can be graded at the
location of a structure. For the two­phase model the command setFields needs to be performed as
well. This generates the initial condition of a plastic particle concentration in a specified region. Then
the simulation is run with either of the commands simpleFoam or reactingTwoPhaseEulerFoam.
The shell file for the simulations is given in Appx. F.2. The time step was programmed to satisfy the
Courant–Friedrichs–Lewy (CFL) condition (Eq. 3.1) for both the Interface Courant Number and the
Courant Number in the field.

𝐶𝐹𝐿 = 𝑢Δ𝑡
Δ𝑥 (3.1)

3.3.4. Turbulence model
The 𝑘 − 𝜖 turbulence model was applied, as it offers good convergence and is not memory­intensive,
being a good general­purposemodel. The 𝑘−𝜖 turbulencemodel was deemed as to solve the behaviour
in front of and behind the interception system sufficiently. The turbulence intensity is set at 10%, which
is the peak value measured by Hanmaiahgari et al. (2017) for immobile beds. A turbulence dissipation
length of 0.07ℎ is assumed (COMSOL, 2020; Versteeg and Malalasekera, 1995).
The equations for the 𝑘 and 𝜖 values are stated in the User Manual (OpenCFD Ltd, 2018). These
equations are listed in Eq. B.1 for the turbulent kinetic energy dissipation rate and for the turbulent kinetic
energy in Eq. B.2, respectively. The model constants for the 𝑘 − 𝜖 model are listed in Tab. B.1.
The inlet flow parameters for this turbulence model are listed in Tab. 3.2. The corresponding values for
the flow parameters for the different cases were determined from Eq. 3.2 (OpenCFD Ltd, 2018):

𝑘 = 3
2 (𝐼|𝑢|)

2 , 𝜖 =
𝐶0.75𝜇 𝑘1.5

𝐿 , 𝜈𝑡 = 𝐶𝜇
𝑘2
𝜖 (3.2)

Table 3.2: Flow parameters for the k­epsilon turbulence models, for a turbulence intensity 𝐼 = 10%

Case Low flow Medium flow High flow
Inlet flow velocity Ux = 0.10 m/s Ux = 0.55 m/s Ux = 0.90 m/s
𝑘 [m2/s2] 1.500e­5 4.538e­4 1.215e­3
𝜖 [m2/s3] 1.725e­5 2.870e­3 1.258e­2
𝜈𝑡 [m2/s1] 1.174e­4 6.457e­4 1.057e­3

3.3.5. Multigrid solver
OpenFOAM applies a collocated grid: fluid dynamic quantities are stored at a single point within a
control volume, which differs from a staggered grid, which defines volume based quantities at a single
point in the centre, and flux based quantities on the faces. Most modern codes apply the collocated
storage (CFD Online, 2012).
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The equation solvers, tolerances and algorithms are given in fvSolution, see Appx. F.5.6. The multigrid
solver applied is the GAMG solver for the hydrostatic pressure. This coarsens the grid in steps and
guesses an accurate solution on this mesh. Then this guess is performed on the original mesh Cristo
(2021). The other parameters were solved with the smoothSolver. According to (OpenFOAM, 2006)
this solver is: “an iterative solver for symmetric and asymmetric matrices which uses a run­time selected
smoother”.

3.3.6. Numerical schemes
OpenFOAM handles a Finite Volume Method (FVM) to solve the governing equations in OpenFOAM.
This method subdivides the flow domain into a finite number of control volumes. The method uses
the integral forms of the transport equations set as a starting point. The integration of these equations
is then performed and this results in a finite number of linear equations which can be solved when
translated into matrices (OpenCFD Ltd, 2018).

The different numerical schemes are given in Appx. F.5.5. The time scheme applied is the Euler
scheme. This scheme provides a good compromise between accuracy and robustness.

The divergence terms were solved with the Gauss upwind, linear and limited linear schemes. The First
Order Upwind scheme can be applied in any case and has a somewhat low accuracy (OpenFOAM,
2006). The focus lies on the applicability of a stable system and thus the scheme was decided to be
acceptable in these cases assessed. The Gauss entry applies the standard finite volume discretisation
of Gaussian integration. An application of a linear entry means that an interpolation of values from
cell centres to face centres is performed. The limited linear scheme applies a limiting coefficient of 1,
meaning that boundedness is guaranteed.

The Laplacian terms were solved with the Gauss linear scheme. The extra setting is that it is corrected,
which is unbounded, second order and conservative. This means that it yields a solution that obeys
physical conservation laws. The interpolation scheme is set as linear (OpenCFD Ltd, 2018)[C4.4,
6.2].

3.4. Single­phase model setup
The single­phase model tests the hydrodynamics of the modelled segment. The boundary conditions
grid size are first given in this section.

Two different sensitivity analyses were performed. One study is tested for the domain of 15 m and 30
m. These simulations indicate the entrance length necessary to come to equilibrium conditions for the
flow velocity and turbulent eddy viscosity. Another sensitivity analysis was performed applying a fine
and coarse mesh. The impact of the mesh size on the flow velocity was assessed with this study.

In Section 4.1 the resulting hydrodynamics of these simulations are given. These were checked with
the analytical results from theory.

3.4.1. Boundary conditions
The boundary conditions are given in Tab. 3.3 and the lines of OpenFOAM code in Appx. F. A uniform
and constant bed was assumed, which is indicated by 𝐶𝑠 = 0.5 in Tab. 3.3. The pressure boundaries
set in OpenFOAM are specified after dividing the pressure by the density of the fluid. This means
that for single­phase flow the results for the flow velocity field are the same in incompressible flow, as
the fluid properties are independent on the pressure values set. This does not hold for the two­phase
modelling.
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Table 3.3: Boundary conditions for the different cases.

Parameter Inlet Outlet Surface Bottom
𝑢 [m/s] fixedValue uniform (𝑢𝑥 0 0) zeroGradient slip noSlip
𝑘 [m2/s2] fixedValue 𝑘 zeroGradient kqRWallFunction kqRWallFunction
𝜖 [m2/s3] fixedValue 𝜖 zeroGradient epsilonWallFunction epsilonWallFunction

𝜈𝑡 [m2/s] calculated calculated nutkWallFunction
nutkRoughWallFunction
𝑘𝑠 0.004576 m
𝐶𝑠 0.5

𝑝 [m2/s2] zeroGradient fixedValue 0 zeroGradient zeroGradient

3.4.2. Sensitivity analysis to domain size
Different simulations on the entrance length of the model were performed. These were simulations with
a domain of 15 m and that of a twice as long model, thus of 30 m. The entrance length needs to be well
away from the area of interest. The grid cells are equidistant in the horizontal and vertical direction and
the grid cells are 600x40 in 𝑥𝑦­direction (see Fig. 3.1, where 𝑥 represents the stream­wise direction
from inlet to outlet and 𝑦 is the upward direction). The model with the dimensions of 15 m x 0.25 m
consists of 300x40 cells.

Figure 3.1: The modelled segment, which is twice as long as the flume wherein the results of Zaat (2020) were produced.

3.4.3. Sensitivity analysis to number of grid cells
The sensitivity of the model to the number of cells in the vertical was also assessed. A 𝑦+ value
larger than 30 is desired to properly resolve near­wall flow. However, a fine resolution is desired for
the release of plastic material and near the interception system, as the particle concentration can vary
near the system considerably. The simulations were performed for the different flow conditions for 40
cells in the vertical and a lower number of cells that ensures a 𝑦+ > 30, both at the water surface and
at the bottom.

3.5. Two­phase model setup
This section handles the boundary conditions necessary for the setup of the two­phase model first.
Then the sensitivity study on model coefficients is handled. Ultimately the modelled particles and
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necessary translation from the experiment results by Zaat (2020) to the OpenFOAM model are ex­
plained.

3.5.1. Boundary conditions
The parameters for the two­phase model are defined in Tab. 3.4. Parameters set on the drag and the
phases and on the (thermo)physics in Appx. F.4.

It should be noted that the temperature is also solved, but that this does not have influence on the
results, as both phases have an initial temperature of 300K and thus no interaction in temperature is
considered. The solver inherently is a compressible solver, but a constant density can be set and thus
can be viewed as an incompressible solver in this way.

In OpenFOAM an alternative hydrostatic pressure is defined, which is convenient from a numerical
point of view. This is defined by 𝑝𝑟𝑔ℎ, see Eq. 3.3. The pressure gradient at the inlet boundary is
the resulting value such that the flux on the boundary is specified by the velocity boundary condition
(OpenCFD Ltd, 2018)[A.4].

𝑝𝑟𝑔ℎ = 𝑝 − 𝜌𝑔 (ℎ − ℎ𝑟𝑒𝑓) (3.3)

This equation for the pressure is then substituted in the momentum equation, yielding Eq. 3.4 (Open­
FOAM, 2006).

𝜕
𝜕𝑡 (𝜌u) + ∇ ⋅ (𝜌u⊗ u) − ∇ ⋅ (𝜇eff∇u) = −∇𝑝𝑟𝑔ℎ − g ⋅ h∇𝜌 (3.4)

At the inlet two fractions of the total volume were provided as a boundary condition. 0.01 out of 1 was
set as plastic, whereas the remainder of 0.99 was set as the fluid phase.

Table 3.4: Two­phase initial and boundary conditions. The ”walls” parameter was used in the modelling phase with the device
placed.

Parameter Inlet Outlet Surface Bottom Walls
𝑢𝑤 fixedValue (𝑢𝑥 0 0) pressureInletOutletVelocity slip noSlip noSlip
𝑢𝑝 fixedValue (𝑢𝑥 0 0) pressureInletOutletVelocity slip noSlip noSlip

𝑘 fixedValue 𝑘 inletOutlet
inletValue $internalField kqRWallFunction kqRWallFunction kqRWallFunction

𝜖 fixedValue 𝜖 inletOutlet
inletValue $internalField epsilonWallFunction epsilonWallFunction epsilonWallFunction

𝜈𝑡,𝑤 calculated calculated nutkWallFunction
nutkRoughWallFunction
𝑘𝑠 0.004576
𝐶𝑠 0.5

nutkWallFunction

𝜈𝑡,𝑝 calculated calculated nutkWallFunction
nutkRoughWallFunction
𝑘𝑠 0.004576
𝐶𝑠 0.5

nutkWallFunction

𝑝 calculated 1e5 calculated 1e5 calculated 1e5 calculated 1e5 calculated 1e5

𝑝𝑟𝑔ℎ fixedFluxPressure 1e5 prghTotalPressure
p0 uniform 1e5 fixedFluxPressure 1e5 fixedFluxPressure 1e5 fixedFluxPressure 1e5

𝛼𝑤 fixedValue 0.99 inletOutlet
inletValue uniform 0 zeroGradient zeroGradient zeroGradient

𝛼𝑝 fixedValue 0.010 inletOutlet
inletValue uniform 0 zeroGradient zeroGradient zeroGradient

𝛼𝑇,𝑤 calculated calculated calculated calculated calculated
𝛼𝑇,𝑝 calculated calculated calculated calculated calculated
𝑇𝑤 zeroGradient zeroGradient zeroGradient zeroGradient zeroGradient
𝑇𝑝 zeroGradient zeroGradient zeroGradient zeroGradient zeroGradient
Θ𝑝 1e­4 zeroGradient zeroGradient zeroGradient zeroGradient

3.5.2. Interphase momentum exchange model coefficients
The forces considered are the drag force, virtual mass force, lift force and the turbulent dispersion
force, conform Section 2.2.8. The drag together with the turbulent dispersion force were expected to
yield the largest influence towards the final concentration profile. Solid particles in fluids experience
motion between different streamlines due to turbulent flow and thus it is very important that this is
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correctly resolved. Without added dispersion the particle were projected to rise to the water surface as
a consequence of the rise velocity only.

A sensitivity study was performed with different drag models, typically in the basic installation of Open­
FOAM. An overview of the available drag models in reactingTwoPhaseEulerFoam and their applic­
ations is given in Appx. B.4. From this it was clear that the drag models that could be applied were the
Syamlal O’Brien, Gibilaro and Wen­Yu drag models.

The drag model of Syamlal O’Brien is derived for a single spherical particle in a fluid and the assump­
tions lie that the Archimedes number is the same in for a single particle and for a system with more
particles (Lundberg and Halvorsen, 2008). The application of Gibilaro is for dilute particle systems
and relates the energy dissipation in the fluidised bed with the pressure loss to ultimately obtain the
particle drag force (Luo et al., 2019). The Wen and Yu drag model has been derived from settling
experiments of particles and the correlation is based on the fact that the flow between the two­phases
is homogeneous (Prabhansu et al., 2015).

These drag forces were compared for the different flow velocity cases, which are the cases c01­c03
in Tab. 3.5. Following these results, the drag model that resulted in the least deviations in the con­
centration profile for the different flow velocities was chosen. Next eight cases (c04­c12) with an inlet
flow velocity of 0.55 m/s were differentiated that apply different interphase momentum exchange coef­
ficients, see Tab. 3.5. The results of this sensitivity study were used to find the right combination of
interphase momentum exchange coefficients.

Table 3.5: Cases for sensitivity study coefficients. The text in bold describes the deviations from the model of c01.

case # Drag model 𝜈𝑝 𝑐𝑣𝑚 𝑐𝑣𝑚 water in plastic 𝑐𝐿 𝐶𝑡𝑑
c01 Syamlal O’Brien 0.01 0.5 0.5 1.6 1
c02 WenYu 0.01 0.5 0.5 1.6 1
c03 Gibilaro 0.01 0.5 0.5 1.6 1
c04 Gibilaro 0 0.5 0.5 1.6 1
c05 Gibilaro 0.01 1 0.5 1.6 1
c06 Gibilaro 0.01 0.5 0 1.6 1
c07 Gibilaro 0.01 0.5 0.5 0 1
c08 Gibilaro 0.01 0.5 0.5 1.6 0
c09 Gibilaro 0.01 1 0 1.6 1
c10 Gibilaro 0.01 1 1 1.6 1
c11 Gibilaro 0.01 0 0 1.6 1

3.5.3. From flume experiment to model
In the model environment of reactingTwoPhaseEulerFoam it is possible to adjust the diameter and
the density of the particle, but not the rise velocity itself.

The concentration for plastic HDPE films can be approximated with a modified Rouse number from
spherical particles 𝛽1 = 𝛼𝑓𝑖𝑙𝑚𝛽0 (Zaat, 2020). From a modelling point of view, the modified diameter
to match this Rouse profile can be approximated by multiplying the old diameter with √𝛼, see Eq. 3.5.
The other parameters in this equation were not changed, as this would change the hydraulic condi­
tions.

𝛽1 = 𝛼𝑓𝑖𝑙𝑚𝛽0
𝑤𝑟,1 ⋅ 𝜎
𝜅𝑢∗

= 𝛼𝑓𝑖𝑙𝑚
𝑤𝑟,0 ⋅ 𝜎
𝜅𝑢∗

−29 (𝑅𝑝,1)
2 ⋅
𝜌𝑝 − 𝜌𝑤
𝜂𝑔 = 𝛼𝑓𝑖𝑙𝑚 ⋅ (−

2
9 (𝑅𝑝,0)

2 ⋅
𝜌𝑝 − 𝜌𝑤
𝜂𝑔 )

𝐷𝑝,1 = √𝛼𝑓𝑖𝑙𝑚𝐷𝑝,0

(3.5)



3.6. Interception of plastic 24

3.5.4. Released plastics
The different plastics that were tested are HDPE plastic films both resins typically found in the ocean
(Reisser et al., 2015) and because these particles are positively buoyant, interception of this particles
could be possible.

The particles were selected on rise velocity and are similar to Zaat (2020) and PP plastic particles.
These types have been retrieved using Manta nets (Van der Wal et al., 2015) and the Shoreliner (Vriend
et al., 2020) at the water surface.

The particles assessed are defined in Tab. 3.6. The density of the different plastic resins is taken as
the average density of these resins and the nominal diameter was calculated from the rise velocity with
Eq. A.9. The following Rouse numbers are given in Tab. E.1

Very light particles and neutrally buoyant particles are modelled besides the HDPE and PP particles.
This shows the retention of the particles that are in suspension and floating at the water surface. The
very light particles have a much higher rise velocity than the downward components of the flow velocity
in front of the interception wall and therefore were expected to be retained until a certain volume of
particles was reached. With a constant flux it is not possible to retain all the particles. It was expected
that for particles with a similar density of that of water that only the upper layer retains some of the
particles, but that the downward pointed flow in front of the structure would transport most of the debris
downstream.

Table 3.6: Assessed particles

Specified particle Diameter [mm] Density [kg/m3] Rise velocity [m/s]
Neutrally buoyant particles 0.100 1000 0
Light particles 1.00 750 0.136
HDPE spheres (Rouse) 0.782 970 0.01
HDPE films 0.626 970 0.0064
PP spheres (Rouse) 0.536 920 0.0125
PP films 0.429 920 0.008

3.6. Interception of plastic
The model with the device placed needs additional boundary conditions and a refined mesh closed to
the device to properly represent the interception device and resolve plastic dynamics. A single­phase
model simulation with the earlier applied boundary conditions was performed, providing insights into
the dynamics around the interception system. The two­phase model needed another set of boundaries
as well for the same reason. Then the different plastic particles were released and the retention of
these was determined.

3.6.1. Adapted single­phase model setup
The meshing is different from the block with equidistant cells in Fig. 3.1 due to refinement close to the
system. The number of cells is roughly equal, being: 22120 compared to 24000 cells. The way that
the mesh is set up is visible in Fig. 3.2. The exact mesh around the system is given in Appx. C.
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Figure 3.2: Schematised interception system and its mesh in blocks.

Table 3.7: Boundary conditions for the different cases.

Parameter Inlet Outlet Surface Bottom Walls
𝑢 [m/s1] fixedValue uniform (𝑢𝑥 0 0) zeroGradient slip noSlip noSlip
𝑘 [m2/s2] fixedValue 𝑘 zeroGradient kqRWallFunction kqRWallFunction kqRWallFunction
𝜖 [m2/s3] fixedValue 𝜖 zeroGradient epsilonWallFunction epsilonWallFunction epsilonWallFunction

𝜈𝑡 [m2/s1] calculated calculated nutkWallFunction
nutkRoughWallFunction
𝑘𝑠 0.004576 m
𝐶𝑠 0.5

nutkWallFunction

𝑝 [m2/s2] zeroGradient fixedValue 0 zeroGradient zeroGradient zeroGradient

3.6.2. Adapted two­phase model setup
The setup consists of the same properties as in Tab. 3.4, with again the ”walls” boundary that resembles
the interception system. The particles released are given in Tab. 3.6.

The interception tests of the release of neutrally buoyant and light particles indicate two extreme values.
These simulations were performed in order to indicate where discrepancies in the simulation lie and
how effective the interception system can be for debris in suspension and for mostly floating debris.
Both particles are usually encountered in the natural environment.

The results of this step provided clarity into the propagation and entrapment of the plastic fluxes viewed
at in this project for the interception system. The different flow velocities were expected to deliver
different results, as the wake in front of the structure will be shorter for lower velocities and the downward
velocity just in front of the structure will be higher for the cases with a higher velocity compared with
the low flow case.

3.7. Projected outcome
The purpose of this study yields a number of desired outcomes, which can aid in better understanding
plastic particle dynamics and ultimately the retention of plastic material.

• Amodel setup that validates the hydrodynamics for a given straight and rectangular flow segment;

• A methodology to replicate the concentration profiles for positively buoyant plastic particles and
films with an Euler­Euler modelling approach;

• Concentrations near the interception device: this shows how the interception can work for certain
situations.



4
Results

This chapter delivers the results from the tests stated in Chapter 3. First the replication of the flume
is handled on the basis of the establishment length, number of grid cells in the vertical and the flow
velocity. Then the results of the two­phase flow models are given, with first given the results from the
sensitivity analyses. Then the equilibrium concentration profiles are given for the HDPE and PP resins.
Hereafter, the hydrodynamics surrounding and specifically in front of the interception mechanism are
described. Ultimately, the interception of the different particles are simulated.

In some cases only one of the low, medium or high flow case is discussed. This is because the other
figures showedmuch similarity with the case discussed. This is also mentioned in the different sections.
The figures of the cases that have been excluded from the main comments in this chapter are given in
Appx. E.

4.1. Single­phase flow
The results of the flow replication were considered first and the plots of the different flow velocities were
compared with the theorem on flow.

The entrance length necessary in the flow conditions given are handled first. Then the sensitivity of a
change of the number of grid cells is assessed, with respect to the flow velocity. Following the sensitivity
analyses, the spin­up time is given. Then a comparison is made between the resulting turbulent eddy
viscosity profile from the model and the analytical profile.

4.1.1. Sensitivity on domain size: entrance length required
The development of the flow velocity over the length for high flow velocity is given in Fig. 4.1. Similar
figures were found for low flow (Fig. E.1) and medium flow (Fig. E.6). This figure illustrates that at
x=15 m, the flow velocity has developed sufficiently over the domain. The flow velocity development
is compared with the Law of the wall flow for 𝑐𝑓 = 0.005, rather than the 𝑐𝑓 = 0.003 value applied in
Chapter 3. This is further explained in Section 4.1.2.

Table 4.1: Entrance length results.

Case Entrance length [m] Similar to the findings of:
𝑢𝑥= 0.10 m/s 60 ⋅ ℎ Nezu and Rodi (1985) , Dean (1978)
𝑢𝑥= 0.55 m/s 60 ⋅ ℎ Nezu and Rodi (1985) , Dean (1978)
𝑢𝑥= 0.90 m/s 60 ⋅ ℎ Nezu and Rodi (1985) , Dean (1978)

26
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Figure 4.1: Development of the horizontal flow velocity profile in the streamwise direction for high flow. The lines have been
scaled and the dashed line illustrates the log­flow velocity for a 𝑐𝑓 value of 0.005.

Figure 4.2: Development of the turbulent eddy viscosity profile in the streamwise direction for high flow. The lines have been
scaled and compared with the analytical results of Chapter 3. The numerical results from the simulation can be found in Fig. 4.7.

The results of the setup of the flume experiment with similar dimensions as Zaat (2020) and that of twice
the domain are visualised in Appx. E.1. Here the flow velocity, turbulent kinetic energy, energy dissip­
ation and the turbulent eddy viscosity are given for low flow (Appx. E.1.1), medium flow (Appx. E.1.2)
and high flow (Appx. E.1.3).

4.1.2. Sensitivity on number of grid cells: flow velocity profile
The results of coarse grids were compared with the results from Section 4.1, which are simulations with
40 grid cells in the vertical. The coarse grids for the different simulations ensured a 𝑦+­value above
30 in every cell, so that these cells near the wall are out of the buffer layer zone. The 𝑦+ values for
the different simulations are visible in Tab. 4.2. The results of the different simulations can be found in
Fig. 4.3 and do not show clear differences in the gradient of the velocity profile.

What is striking is that both flow velocities over depth do not follow the flow velocity line for law of the
wall, but do this for that of an increased friction coefficient, of that of 0.005. The differences near the
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surface are small and fulfil a logarithmic development over the depth. It can be seen from the figure
with low flow that a non­logarithmic flow velocity is present. This can be explained from the law of the
wake.

Table 4.2: Average results y+.

Case 𝑛𝑐𝑒𝑙𝑙𝑠 vertical 𝑦+ bottom 𝑦+ surface

𝑢𝑥 = 0.10 m/s
coarse 8 66.6 38.9
fine 40 20.8 4.88

𝑢𝑥 = 0.55 m/s
coarse 20 54.1 217
fine 40 77.5 35.2

𝑢𝑥 = 0.90 m/s
coarse 15 599.2 178.9
fine 40 182.6 38.2

Figure 4.3: Simulations for the relative depth over flow velocity for u=0.1 m/s, u=0.55 m/s, u=0.1 m/s, with a different number of
grid cells in the vertical, see Tab. 4.2.

At the bottom a horizontal line can be observed for the flow velocity over the depth in Fig. 4.3. This
can be explained from the level of detail in the model compared to the analytical solution. The level of
detail at the bottom cannot be resolved for the turbulence model applied. This near­bottom flow is not
in the scope of this project, as the focus lies on near­surface flow. The deviations there are given in
Tab. 4.3. The difference in near­surface flow results seem large from the flow velocity figures, especially
with a logarithmic plotted axis, but are in the order of maximally 4% and thus deemed acceptable
differences.
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Table 4.3: Maximum and mean velocity of the different flow velocity cases

Case CFD Model Analytical result
𝑐𝑓=0.003

Analytical result
𝑐𝑓=0.005

Low flow maximum velocity [m/s] 0.117 0.113 0.117
mean velocity [m/s] 0.0995 0.0996 0.0995

Medium flow maximum velocity [m/s] 0.646 0.623 0.645
mean velocity [m/s] 0.547 0.548 0.547

High flow maximum velocity [m/s] 1.06 1.02 1.06
mean velocity [m/s] 0.896 0.896 0.895

4.1.3. Spin­up time
The simulation time towards the steady state simulation can be seen for low flow (Fig. 4.4), medium
flow (Fig. 4.5) and high flow (Fig. 4.6). The cases can be described as steady after t=4000 s for low
flow and for the two other cases after t=3000 s.

These simulation times found have been applied for the assessment of finding a steady case for the
flow around the structure in Section 4.6.

Figure 4.4: Simulation time (0 s < t < 4000 s) to steady simulation for different parameters for low flow conditions.

Figure 4.5: Simulation time (0 s < t < 3000 s) to steady simulation for different parameters for medium flow conditions.
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Figure 4.6: Simulation time (0 s < t < 3000 s) to steady simulation for different parameters for high flow conditions.

4.1.4. Estimation turbulent eddy viscosity
The figure for high flow and the turbulent eddy viscosity is given in Fig. 4.7. Similar figures were found for
low flow (Fig. E.5) and for medium flow (Fig. E.7). It is clear from the results that the different functions
for the turbulent eddy viscosity do not deviate much. However, the simulation of the turbulent eddy
viscosity for low flow gives an underestimation in the results, which could cause less turbulent diffusion
of the particles than expected. This yields a maximum difference of approximately 9% between the
turbulent eddy viscosity maxima.

Figure 4.7: Turbulent viscosity over the domain and water depth for 15 m and 30 m. The flow velocity at the inlet is 0.90 m/s.

The maximum of the turbulent eddy viscosity is roughly equal to the value computed analytically (≈
3%), see Fig. E.7. However, the maximum of the turbulent eddy viscosity profile is found at 0.135 m,
rather than in the middle of the water column, at 0.125 m as would be expected. A deviation of 1 cm is
minor and especially small compared to the flow conditions of the shorter domain size.

Similar conclusions can be made for the higher flow velocity case: the maximum value is roughly equal
to the maximum found from analytical results (≈ 3%) and the profile is overestimated in the upper half
of the water column, with its maximum also at h=0.135 m.
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4.1.5. Remarks single phase model
The further simulations have been executed with a domain size of 30 m because these results come
near the analytical results and an equilibrium for the flow conditions is reached. The assessment of
different 𝑦+ values show that the difference in number of cells in the vertical does not have an impact
on the final results for these assessments. The wall functions are designed for a correct value of the
turbulent quantities at the first node away from the wall, not at the wall itself and further simulations
were executed with 40 grid cells in the vertical. This level of detail is preferred for further simulations
near the interception system.

The entrance length is 15 m for the flow parameters of the single­phase model, with the area of interest
needed to be set for x larger than 15 m, or 60 times the depth in these simulations. The addition of
a second phase influences the entrance length of an equilibrium particle concentration. Particles of
different size and density could experience different entrance lengths. An investigation is performed if
these lengths are in the same order in the next stages.

The flow velocity over the depth deviates from the analytical results, which could be caused by a source
term in the model. The solution corresponds with the turbulent eddy viscosity profile, which is of more
importance than the solution of the flow velocity, as this largely influences the diffusion of particles in
the water column.

4.2. Sensitivity analysis two­phase model
This section consists of tests that investigate how the model reacts to certain differences in the simu­
lations. First, simulations with neutrally buoyant particles were performed. Then the impact of different
drag models was investigated. Ultimately, the different coefficients for the interphase momentum ex­
change were simulated with the most appropriate drag model simulation found.

4.2.1. Release of neutrally buoyant particles
The distribution of neutrally buoyant particles over the depth is given in Fig. 4.8, at x= 25 m. It can be
seen that the concentration profile follows a near uniform distribution for the different cases and a very
minor decrease of concentration is visible at the water surface. This can be explained from the fact that
the flow velocity at the water surface is highest and flushes away the particles at this location.

Figure 4.8: Concentration profiles of particles with 𝜌 = 1000 kg/m3 for low, medium and high flow at x =25 m.
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4.2.2. Application of different drag models
The results of the simulations c01­c03 with the different drag models for HDPE material are given in
Fig. 4.9. It shows that an overestimation for the Wen­Yu and Syamlal­O’Brien drag models are given
in suspension. This is also true for the Gibilaro model until around 0.85 times the depth, but deviates
very slightly. These deviations are further elaborated on in Tab. 4.4. The Gibilaro model together with
a buoyancy and virtual mass force agrees well (Rasul, 1999) and is specifically developed for high
Re flow (Visuri et al., 2012). For this reason the results with the Gibilaro drag model fit the profiles
better.

Near­surface an underestimation in the particle concentration is visible. This is against the expecta­
tions from Section 4.1.4, where an overestimation of the turbulent eddy viscosity profile was found. It
would be more logical to observe an underestimation at this region: this increased value of the tur­
bulent eddy viscosity usually indicates more mixing and thus fewer particles found near­surface. This
overestimation is in the order of 10%, see Tab. 4.4.

Figure 4.9: The relative plastic concentration for the different drag models for HDPE material over the depth, at x=25 m. The left
figure illustrates low flow, the middle figure medium flow and the right figure high flow.

4.2.3. Response to model coefficients
The results from the cases with different model coefficients are indicated in Fig. 4.10a. These simula­
tions have been performed with the medium inlet velocity of 0.55 m/s. The simulations that applied the
same drag model showed no noticeable differences between all but one simulation, case 8, which does
not consider a turbulent dispersion coefficient. It can be said that the influence of the turbulent disper­
sion is largest, which is logical as the transport of the particles is largely influenced by the spreading of
these particles.
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(a) Concentration profiles at x=25 m. (b) Concentration over time at (x, y) = (25; 0.25).

Figure 4.10: Simulation of the plastic concentration for the different coefficients from Tab. 3.5.

4.3. Two­phase flow: equilibria HDPE resin
The simulation time to reach steady state, entrance length of the turbulence viscosity and the devel­
opment of the concentration profile over the domain are checked in this section for high density poly
ethylene, similarly to the single­phase case.

4.3.1. Spin­up time
In Fig. 4.11, Fig. 4.12, Fig. 4.13 the simulation time relative to other flow parameters are plotted. For
low flow conditions it is clear that the simulation time is much longer than that of medium and high flow
cases. This increase in simulation time could be explained from the fact that the turbulence governs the
development of the parameters less for low flow than that for the medium and high flow cases. It could
also be the case that the friction governs the flow more for low flow, implicating longer simulation times.
The concentration profile shows little differences compared to the simulation for a low flow velocity.
This can be explained from the fact that for a lower degree of turbulence the particles do not spread in
the horizontal and vertical and are mainly driven towards the surface due to the buoyancy force.

The time to reach equilibrium conditions is much shorter than that for single­phase flow. This can
be explained from the fact that the model coefficients influence the simulation time in a way. The
virtual mass coefficient has been tested to decrease the necessary simulation time to reach equilibrium
conditions (Davidson, 1990; Drew et al., 1979; Drew, 1983).

Figure 4.11: Simulation time (0 s < t < 2000 s) to steady simulation for different parameters for low flow conditions.
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Figure 4.12: Simulation time (0 s < t < 500 s) to steady simulation for different parameters for medium flow conditions.

Figure 4.13: Simulation time (0 s < t < 500 s) to steady simulation for different parameters for high flow conditions.

4.3.2. Comparison of flow and turbulent viscosity with single­phase runs
The entrance length for the turbulent eddy viscosity is 15 m for the HDPE material, similarly to the en­
trance length for the single­phase flow in Section 4.1.4. This can be seen for medium flow in Fig. 4.14
and in Appx. E for low Fig. E.14 and high flow Fig. E.15. A very similar profile is also found, with the
maximum of the profile just above the middle of the water column again at y =0.135 m. A slight over­
estimation of the turbulent eddy viscosity is visible as well, upward from the same y­coordinate.

Figure 4.14: Turbulent eddy viscosity over length and depth over 30 m for medium flow conditions. The eddy viscosity is scaled
x2000 for viewing purposes.

This is clearly illustrated in Fig. 4.15: the flow over the depth is exactly similar. The turbulent eddy
viscosity value differs less than a percent.
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(a) Comparison flow velocity. (b) Comparison turbulent eddy viscosity.

Figure 4.15: Single and two­phase simulations at x=25 m, compared with theorteical profiles.

4.3.3. Entrance length particle concentration
Where the entrance length for the different flow parameters is not influenced by the value of the inlet
flow velocity, this does matter for the development of the particle concentration profile. It can be clearly
seen in Fig. 4.16 that the development of the concentration profile for low inlet flow (Fig. 4.16a) the
concentration profile over the depth is changing and more or less comes to an equilibrium profile after
15 m, but still moves downward, even until the end of the domain of the model. For medium and high
flow the equilibrium concentration profile it can be reached that the equilibria for the concentration are
reached after 15 m as well, with less noticeable differences after this distance.

(a) Low flow. (b) Medium flow. (c) High flow.

Figure 4.16: Relative HDPE concentrations along the water depth at different slices in x­direction (a) for low flow; (b) for medium
flow; (c) for high flow.

The reason that the entrance length for low flow is higher than for high flow can be explained by the
increase in flow vortices with an increase of flow. A comparison between laminar and turbulent flow
can be made. If a particle experiences motion in laminar flow, this motion will be mainly influenced
by the gravity for vertical motion and horizontally with respect to the flow. In a turbulent flow field the
particles experience another random motion due to the vortices and will come faster to the expected
equilibrium profile. These differences between low and high flow are not as apparent as for laminar
and turbulent flow. However, the difference in entrance length comes from a less energetic flow field
and smaller vortices for low flow is plausible.
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4.3.4. Replication concentration profiles
Similar over­ and underestimations are found from the simulations compared to the results of Zaat
(2020). The results yield a conservative output for the interception of plastics in Section 4.6, as the
material near­surface is estimated to be higher than in reality. The figures that give a one­on­one
comparison for the different flow velocities are given in Appx. E.3. The results left in Fig. 4.17 contain
the theoretical profiles from Rouse and that for films (Zaat, 2020), where the simulation results are
shown in the right figure.

Figure 4.17: Plastic concentrations for the different inlet flow velocities.

The largest differences in the concentration profiles left and right are given in Tab. 4.4. This excludes
the first six cells (0.031 m) near the bottom, as the results near the bottom do not go towards zero,
whereas the empirical function of the Rouse profile is designed to go towards zero. It can be said that
the shape factor for the diameter can be used to reach the concentration profile for HDPE films found
by Zaat (2020). However, this is only the case for higher flow velocities, with very low flow and thus a
low Reynolds number this replication does not work with the inverted Rouse profile and plastic films.
The replication of a concentration profile similar to the Rouse profile is tested for the PP material in the
next section.

Table 4.4: Maximum and minimum underestimations in percentages.

Maximum underestimation [%] Maximum overestimation [%]
Low flow Rouse 39 4
Low flow films 69 ­
Medium flow Rouse 18 15
Medium flow films 39 ­
High flow Rouse 9 11
High flow films 4 8
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The differences that are striking the most is that the results for the high flow velocity for plastic films
show approximately the smallest differences, which agrees with earlier findings that this drag model
shows a significant improvement for higher Reynolds numbers and thus more particles in suspension
(Gibilaro et al., 1985). From this viewpoint it is also explicable that this mismatch is largest for low
flow.

4.4. Two­phase flow: equilibria PP resin
The same procedure has been applied for the polypropylene resin as in Section 4.3. First the spin­up
times are discussed, then the entrance length for this lighter material and ultimately the found equilib­
rium concentration profiles.

4.4.1. Spin­up time
Similar figures were found to ultimately get the steady state solutions. The difference with the HDPE
material is that the solution converges faster. The spin­up time for the flow velocity was longest for
every simulation. These are given in Tab. 4.5 for both the HDPE and PP resin.

It should be noted that small wiggles were still seen after t=2000 seconds for the low flow conditions,
but that these were considered negligibly small, the difference being less than a percent compared to
the steady solution for the single­phase flow.

Table 4.5: Spin­up times for the flow velocity HDPE and PP resins.

Spin­up time for HDPE [s] Spin­up time for PP [s]
Low flow 1400 1250
Medium flow 250 225
High flow 120 110

4.4.2. Comparison of flow velocity and turbulent viscosity with single­phase
runs

Turbulent eddy viscosity profiles were found similar to the profiles found in Section 4.3.2. The turbulent
eddy viscosity was found to be smaller than at most 2% compared to the turbulent eddy viscosity of
the single­phase flow results.

The flow velocity and turbulent eddy viscosity profiles are given in Fig. 4.19a and Fig. 4.19b, respect­
ively. Results of the low flow and high flow cases showed similarity with the single­phase model results
as well.

Figure 4.18: Turbulent eddy viscosity over length and depth over 30 m for medium flow conditions. The eddy viscosity is scaled
x2000 for viewing purposes.
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(a) Comparison flow velocity. (b) Comparison turbulent eddy viscosity.

Figure 4.19: Single and two­phase simulations at x=25 m.

4.4.3. Entrance length particle concentration
The simulations of the PP particles resulted in similar profiles with roughly the same entrance lengths,
as can be seen in Section 4.4.3. The entrance lengths found from the figures are given in Tab. 4.6. It
can be said from these results that such a small difference in rise velocity does not affect the entrance
length.

Table 4.6: Entrance length for the different flow velocity cases for HDPE and PP material

Entrance length for HDPE [m] Entrance length for PP [m]
Low flow 12.5 12.5
Medium flow 15 15
High flow 17.5 17.5

(a) Low flow (b) Medium flow (c) High flow

Figure 4.20: Relative PP sphere concentrations along the water depth at different slices in x­direction (a) for low flow; (b) for
medium flow; (c) for high flow.

4.4.4. Concentration profiles
Similarly to Section 4.3 the concentrations for the low flow conditions are underestimated near the water
surface. The medium and high flow velocity cases give similar underestimations in the lower half of
the water column and overestimates the relative concentration when comparing to the concentration
profiles of Zaat (2020) and Rouse.

The particle dynamics for low flow for both the larger diameter and the smaller diameter to represent
films show much deviation from theory. The larger diameter, thus the brown line are brought more in



4.5. Hydrodynamics interception system: underflow 39

suspension than for the smaller diameter. Here the Gibilaro drag model does not solve the particle
fields correctly.

The concentration profiles for the medium and high flow again confirm that a inverted Rouse profile and
a diameter of √𝛼 is reached with the current model set­up. The flow around the interception system
and subsequently the interception of the different particles is investigated in the next sections.

Figure 4.21: PP resin concentrations for the different inlet flow velocities.

4.5. Hydrodynamics interception system: underflow
The results of the interception system are given in this section for the flow around the structure and the
turbulent eddy viscosity around the system. The downward velocity gives an indication on the threshold
on the retention of the particles.

4.5.1. Development of horizontal flow velocity and turbulent eddy viscosity
The contraction of flow for the medium flow case is described in this section for the horizontal flow
velocity and the resulting turbulent eddy viscosity. The results for the low and high flow cases followed
the same essence and are given in Appx. E.5.1 and Appx. E.5.2 for the low and high flow respect­
ively.

In Fig. 4.22 the horizontal velocity field between x=24.5 m and x=25.5 m is visualised for the horizontal
flow velocity. A wake upstream and downstream of the interception device can be observed from this
figure. This was further analysed and distinguished into different regions.

Figure 4.22: The horizontal velocity field for 𝑢𝑥 = 0.55 m/s. The vertical lines plotted mark x=24.5 m to 25.5 m.
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Different slices of the flow around the interception device were taken and subdivided into four categor­
ies: upstream of the device, underneath the device, just behind the device and further downstream.
These locations are visualised for the flow velocity in Fig. 4.23 and for the turbulent eddy viscosity in
Fig. 4.24.

• Upstream of the device 24.4 m ≤ x < 25 m:

The wake is present from x= 24.8 m until the location of the interception system. The deviations are
visible in the upper left of the four figures. At x=24.4 m the flow velocity and the turbulent eddy viscosity
follow the lines of the simulations in Section 4.1, but feel the placement of the structure after this point.
The maximum flow velocity increases by 8% compared to the maximum flow velocity for the equilibrium
conditions. This deviation is 8% as well for the low and high flow conditions. The decrease in flow
velocity occurs mainly in the top 10% of the water column, which is the draught of the interception
system.

The turbulent eddy viscosity decreases at the water surface as a result of the decreasing flow velocity
near­surface. This decrease indicates that the zone for retention of particles lies between x=24.8 m
and x=25 m.

• Underneath the device 25.005 m ≤ x ≤ 25.020 m:

Under the system the flow is contracted and an increase in flow velocity is visible. This is logical from
the perspective that the area is smaller and the discharge is equal. The increase in flow and turbulent
eddy viscosity are approximately 18% larger than for equilibrium flow.

Particles were expected to be in concentrated in the middle of the water column here, as the turbu­
lent mixing occurs the most there, apparent from the steep profile in the figure for the turbulent eddy
viscosity.

• Just behind the device 25.0275 m ≤ x ≤ 25.5 m:

Flow separation occurs in this region, visible by the two­directional flow in two layers and two peaks in
the turbulent eddy viscosity. Very near the interception device the near­surface flow velocity is negative
and the vector increasing until 0.075m behind the system. This wake continues until the later mentioned
region.

• Further downstream of device 26 m ≤ x ≤ 29 m:

Further downstream of the interception system the flow does not develop into equilibrium conditions
and does not follow a logarithmic profile. The peak flow is situated approximately halfway of the water
depth.
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Figure 4.23: Flow velocity profile over the depth at different locations around the interception device for medium flow. The dotted
line in the upper right figure indicates the draft of the interception device. The vertical line in the lower left figure indicates 𝑢𝑥 =0
m/s.

Figure 4.24: Turbulent eddy viscosity over the depth at different locations around the interception device for medium flow. The
dotted line in the upper right figure indicates the draft of the interception device.
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4.5.2. Vertical flow velocity around interception device
In Fig. 4.25 the vertical velocity field is visualised between x=24.5 m and x=25.5 m. A downward flow
field can be observed just upstream of the interception device. Results in the same line were found for
low and high flow, see Appx. E.5.

Figure 4.25: The vertical velocity field for 𝑢𝑥 = 0.55 m/s. The vertical lines plotted mark x=24.5 m to 25.5 m.

• Upstream of the device 24.4 m ≤ x < 25 m:
Upstream of the system a clear division between the top 10% and of that of the other 90% can be made.
In the upper section a steep gradient in downward flow can be observed, which could influence the
particles moving downward of the interception device. The other region does not show this behaviour
and in the lower half of the water column not as much downward flow is observed.

• Underneath the device 25.005 m ≤ x ≤ 25.020 m:
Underneath the system there is downward flow only. Particles here will not be encountered to be
retained when having passed the interception device.

• Just behind the device 25.0275 m ≤ x ≤ 25.5 m:
The wake behind the system consists of mainly downward flow only and develops into a profile from
x=25.35 m to a velocity profile with only upward flow. This value is small compared to the downward
velocities encountered.

• Further downstream of device 26 m ≤ x ≤ 29 m:
In this region there is upward flow only, albeit much smaller than the downward flow upstream of the
device, 𝑂 ≈ 100.

Figure 4.26: Vertical flow velocity profile over the depth at different locations around the interception device for medium flow. The
dotted line in the upper right figure indicates the draft of the interception device. This line is also indicated to show the impact of
the device w.r.t. flow in the upper left figure. The vertical line in the lower left figure indicates 𝑢𝑦 =0 m/s.



4.6. Interception of particles 43

4.5.3. Conclusions from hydrodynamics
The contraction upstream of the interception device was expected to be too large to retain a large
portion of the particles. The area of the wake in front of the design is limited to 0.20 meters for the
different flow cases.

Downstream of the flow a flow separation can be observed, which does not develop back into equi­
librium conditions. This length is longer than what is generally Because of this, concentrations down­
stream of the interception device have been excluded in the further steps.

The encountered maximum downward velocities just upstream of the interception system are visible in
Tab. 4.7. The downward velocities for the medium and high flow are of much higher order compared to
low flow, which was thought to be of the largest influence in retention of a fraction of the flux near the
water surface. The next section explores this finding whether the downward velocity is decisive in the
ultimate removal of plastics.

Table 4.7: Maximum downward flow velocity just in front of the system, at x=24.999.

Low flow Medium flow High flow
Maximum downward velocity [m/s] 0.0827 0.456 0.744

4.6. Interception of particles
In this section the interception of the plastic particle flux of different particles is described. Firstly the
results of the retention of neutrally buoyant particles is discussed. Next, the ability to intercept light
particles is handled. Ultimately, fluxes with particles similar to the modified particles of HDPE and PP
plastics to represent films were modelled.

4.6.1. Neutrally buoyant particles
Particles with a similar density to the density of water did show much retention by the device. The
particles do not experience upward motion and thus can only move downward in front of the device,
underneath the interception system. In Fig. E.35, Fig. 4.27 and Fig. E.36 the figures for the interception
of these particles for low, medium and high flow are given.

The concentration results for the low and medium flow cases are similar: an increased concentration
near the system is encountered, however the retention of these particles is not as high and only occurs
very close to the system. The increase of the particles is just 2.5% higher than the imposed entrance
concentration of 0.01.

The fraction of high flow near the system is the highest, which is similar to the particle concentration
over the depth found from Section 4.2.1. Here the concentration profiles followed the flow velocity
profiles as well, with an increased fraction near the water surface. The retention here is 6% larger than
the imposed concentration. The concentration over time is plotted in Fig. 4.28. In this figure the spin­up
time is shortest for high flow, which is increasing for decreasing flow velocity.
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(a) Model results. (b) Relative concentration over the depth.

Figure 4.27: The concentration of equally buoyant plastic material with profiles taken between x=23.2 m and x=25.2 m for medium
flow conditions.

Figure 4.28: Simulation for the concentration just in front of the interception mechanism (x=25 m) over time for neutrally buoyant
particles.

4.6.2. Light particles
It can be seen in Fig. 4.29 that for low flow velocities the downward velocity is not high enough to push
these particles underneath the interception system. The particles that do get underneath the system,
seem to be an end product of the filling up of the area behind the system. Hence, the area is the limiting
factor in retention of a plastic flux of light particles.
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(a) Model results. (b) Relative concentration over the depth

Figure 4.29: The concentration of the plastic material with profiles taken between x=23.2 m and x=25.2 m for low flow conditions.

This does not occur for the medium and high velocity case, as can be seen in Fig. 4.30 and Fig. E.34.
The final concentration in front of the system is very similar and it can be said that the downward flow
velocity is the limiting factor in retention of the particles. It is clear that upstream of the system an
equilibrium is present, whereas in Fig. 4.29 the concentration near the system is much higher than that
of approximately 2 meters upstream of the system. This means that for the retention of other plastic
resins with high rise velocities this limit will also be reached.

(a) Model results. (b) Relative concentration over the depth.

Figure 4.30: The concentration of the plastic material with profiles taken between x=23.2 m and x=25.2 m for medium flow
conditions.

Over time this increase of the concentration of the particles is visible in Fig. 4.31. After 𝑡 ≈ 250 s, the
concentration just in front of the interception device is not increasing and has reached a steady state,
with the area filled up with these particles.

The retention of particles for the medium and high velocity case is roughly equal. What is unexpected
is that the concentration for light particles near the system is higher near the system for high flow than
for medium flow. This could be due to the fact that the particles experience a higher flow velocity for
the high flow case and thus reach this point quickly.
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Figure 4.31: Concentration of the particles near the system at x=25 m for light material.

4.6.3. HDPE films
The model results for low flow and the relative concentration over the depth are given in Fig. 4.32.
The figure shifts to the right near the interception system, meaning that particles are retained. Similar
figures were found for medium and high flow, see Fig. 4.33 and Fig. 4.34 respectively.

(a) Model results. (b) Relative concentration over the depth.

Figure 4.32: The concentration of the HDPE films with profiles taken between x=23.2 m and x=25.2 m for low flow conditions.

(a) Model results. (b) Relative concentration over the depth.

Figure 4.33: The concentration of the HDPE films with profiles taken between x=23.2 m and x=25.2 m for medium flow conditions.
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(a) Model results. (b) Relative concentration over the depth.

Figure 4.34: The concentration of the HDPE films with profiles taken between x=23.2 m and x=25.2 m for high flow conditions.

Naturally, the highest concentrations in front of the system can be observed from the results for low
flow. This further confirms the expectation that for the low flow conditions the retention of the particles
is highest. The particle concentration over time is plotted in Fig. 4.35. This difference in retention for
the simulations is evident and for the combination of low flow and the same flux of plastics, this system
is the most efficient.

Figure 4.35: Simulation for the concentration just in front of the interception mechanism (x=25 m) over time for HDPE films.
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4.6.4. PP films
The results for low flow velocity are given in Fig. 4.36, for medium flow in Fig. 4.37 and for high flow in
Fig. 4.38.

(a) Model results. (b) Relative concentration over the depth.

Figure 4.36: The concentration of the PP material with profiles taken between x=23.2 m and x=25.2 m for low flow conditions.

(a) Model results. (b) Relative concentration over the depth.

Figure 4.37: The concentration of the PPmaterial with profiles taken between x=23.2 m and x=25.2 m for medium flow conditions.

(a) Model results. (b) Relative concentration over the depth.

Figure 4.38: The concentration of the PP material with profiles taken between x=23.2 and x=25.2 m for high flow conditions.

The particle concentration over time for the different flow velocity cases of PP films are given in Fig. 4.39.
The results for the PP retention of films produce roughly similar results as that of HDPE: the retention
of that of PP for low flow conditions is highest. Then in decreasing order follow medium and high flow
conditions.

The concentrations of the PP resin just in front of the wall are higher than that of the previous simula­
tions of HDPE and thus the rise velocity does influence a certain threshold in the interception of these
particles.
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Figure 4.39: Simulation for the concentration just in front of the interception mechanism (x=25 m) over time for polypropylene
films.

4.6.5. Final results near the system
The concentrations encountered near the system at the steady state solution are given in Tab. 4.8.
From this it is clear that the most particles are retained with lower flow velocities and that the rise
velocity is an important factor in the retention of particles, as just more particles are retained that were
classified as the PP films, over the HDPE films. In Tab. 4.7 the maximum downward velocities just in
front of the interception system are listed and the relation with the encountered downward velocities
and the retention of the light particles best tell the capacity of the retention of these particles.

The system is filled up for particles that have a much higher rise velocity than the downward velocity,
whereas for the medium flow, that has a downward velocity that is just lower than the rise velocities,
the system does not tend to fill up. For the high flow velocity, the downward flow is 1.5 times as high
as the rise velocity of the light particles. Thus, these particles flow underneath the system, and only a
small portion that is at the wake is retained by the system.

Table 4.8: Final concentrations near the interception system at (x,y) = (25; 0.25).

Rise velocity [m/s] Low flow Medium flow High flow
Neutrally buoyant particles 0 0.0102 0.0102 0.0106
Light particles 0.136 0.751 0.491 0.520
HDPE films 0.0064 0.275 0.0610 0.0366
PP films 0.008 0.313 0.127 0.0517

The according spin­up times per simulation are given in Tab. 4.9. The spin­up times for high flow
are much shorter than low flow. This is because of the fact that the initial conditions have a smaller
influence with respect to the increase in flow. The residence time is much shorter. With an increase in
flow there also is more exchange of impulse. The flow is inhibited due to this and the friction increases
quadratically with a linear increase of the flow, see Eq. 2.2.
Table 4.9: Spin­up time near the interception system at (x,y) = (25; 0.25).

Rise velocity [m/s] Low flow Medium flow High flow
Neutrally buoyant particles 0 220 100 70
Light particles 0.136 270 60 100
HDPE films 0.0064 400 370 50
PP films 0.008 350 50 50



5
Discussion

Modelling assumptions have been made to represent the flow, plastic particles and the interception
device. This study handles a simulation with a distinct profile and clear boundary conditions, propagat­
ing into equilibrium flow conditions. Rivers cannot always be described with these imposed boundary
conditions.

5.1. Representation of flow
The flow velocity was imposed with the boundary conditions in Tab. 3.3 and a 𝑘 − 𝜖 turbulence model
was applied. The flow velocity profiles are uncertain: no physical sensitivity tests have been performed
on the interaction between the system and the flow.

5.1.1. Comparison model results with analytical results
The flow velocity profile over the depth deviates from the analytical results for a friction coefficient of
0.003, but is quite similar to that for a friction coefficient of 0.005. This study did not perform a sensitivity
analysis on the bed roughness, which can be advisable for future research in order to replicate the flow
velocity better. The deviations in flow resulted only in maximum flow velocity differences of 4% and
were deemed acceptable in this study. It is uncertain if this deviation will be larger for higher depths or
for higher flows velocities.

The results for the turbulent kinetic energy and the turbulent energy dissipation profiles yielded a para­
bolic profile for the turbulent eddy viscosity. This profile comes close to the analytical profile of this
parameter for these flow parameters. The differences from the bottom until halfway the water depth
were maximally 5%. However, after the maximum of the turbulent eddy viscosity profile an overestim­
ation was found of maximally 15%.

5.1.2. Near­wall flow
The applied turbulence model was the 𝑘−𝜖 turbulence model. For near­wall flow this turbulence model
is not commonly applied. The application of the 𝑘 − 𝜔, 𝑘 − 𝜔 SST or a LES model could prove to be a
better model to resolve the turbulence fields.

5.1.3. Constant plastic flux
A constant flux of plastic particles was assumed for varying flow velocities, whereas in rivers an increas­
ing flux of plastic debris is observed (Van Emmerik et al., 2019; Van Emmerik and Schwarz, 2020) for
increasing flow velocities.

50
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When the flow increased it was also found that the plastic material differed in shape. It is plausible that
this is due to larger plastic on floodplains got transported with higher discharge. This means that the
comparison of the interception of particles with different fluxes could give more ground to compare than
the current comparison with an equal flux of particles.

5.2. Representation of plastic particles
Themodelling approach has been done with a two­phase Euler model. The plastic phase wasmodelled
as a continuum of particles. The particles were modelled as spheres and an imposed shape factor. The
drag for films is expected to differ, compared to how it was implemented in this study.

5.2.1. Euler­Euler approach
The study applied a two­phase Eulerian flow model. In this modelling framework particles are not
handled individually, but as a flux of particles. Particle­particle interactions were not considered. How­
ever, it is expected that this in fact could be a process with an impact on the final solution, especially
when particles are packed (Padding et al., 2015). In laboratory conditions for HDPE films, the tra­
jectories of plastic films were largely influenced by the attachment of plastic films (Zaat, 2020). This
behaviour cannot be modelled in the current modelling environment of a two­phase Euler model.

5.2.2. Limitations in particle properties
The only adjustable parameters of the particles in this study were their diameter and density. The
density was set following the plastic resin density in tests and the natural environment and the diameter
was calculated from the Stokes particle velocity. An inclusion of a particle shape factor or the possibility
to include particle dimensions is more preferred for further research: this feature makes a replication
of research on rise velocities (Waldschläger and Schüttrumpf, 2019b; Zaat, 2020) easier and more
reliable than the modelling of the particles in this way.

This study views four types of particles and two type of films. Uniform distributions of these particles will
not be encountered in a river and particles of different shape are expected to enhance the distribution
profile considerably. It is necessary to study the different particles such as films first, before generalising
these plastic categories to a final distribution.

A Schmidt number of 1 was assumed. In reality the turbulent eddy diffusivity profile is non­parabolic
and thus the Schmidt number not equal to 1 (Liu, 2016c). Concerning the distribution of the particles
this means that the debris will be more in suspension than originally assumed.

5.2.3. Applied drag model
The concentration profiles showed deviations both near­surface and in suspension from the Rouse
profile. The distribution along the vertical was mainly influenced by choosing a specific drag model and
thus the dimensions of the plastic body influences the plastic distribution considerably.

The general drag models available in OpenFOAM for the Euler­Euler approach do not include a drag
force for a non­spherical flux of particles. From a physical perspective it would better to be able to
adjust more particle properties and impose a shape factor.

As mentioned in Section 2.2.2 the drag comprises form drag and friction drag. The difference between
spherical bodies and films is that the orientation of the body matters for films, whereas it does not matter
for a spherical body. This means that a larger drag force is exerted on the plastic film compared to a
spherical particle. It is especially important for the friction drag to include a shape factor or add the
different dimensions of the plastic debris, as the orientation of the particle has a large influence on the
amount of friction drag that the body experiences.
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Films have a lower rise velocity because of this difference in friction drag. This in turn means that
particles are kept more in suspension and that the Rouse profile will move to the right, as per observa­
tions by Zaat (2020).

5.3. Representation of interception system
The interception system was modelled as an wall with a specific draught and a width. The wall is not
floating but is set at a fixed position in the water and has sharp edges. The rigid­lid assumption for
contraction of flow is not valid for high flow conditions in this specific setup.

5.3.1. Contraction of flow
The system is modelled as a block with perpendicular edges. These sharp edges cause a strong wake
and flow separation because of the curved streamlines that occur in the flow, see Section 4.5. When
these walls would be more slanted or curved, the flow separation is expected to be less (Filippini et al.,
2005) and in reality the arms of the designs are shaped with more circular tubes, see Fig. 2.6.

As the system is not floating, but fixed for a specific water depth and draught, the contraction is larger
for this design than for a floating system, impacting the dynamics of the particles around the structure
as well. A floating object furthermore causes a displacement of water when deployed, which can be
directly determined from Archimedes’ principle. An implementation of a floating object into a model has
been performed in Delft3D (Deltares, 2021) and tested in OpenFOAM as well (Hatari Labs, 2018). The
complexity of the model rises much compared to the current model, with the necessity to introduce a
dynamic mesh when approximating the system as a floating object. The floating object also minimally
requires parameters for geometry, density, centre of inertia, degrees of freedom, which need to be
evaluated for the specific design in Fig. 2.6.

A contraction coefficient for vertical sluice gates is considered to be a value between 0.598 and 0.611
(Yen et al., 2001). For practical purposes this value is usually selected as 𝐶𝑐 = 0.61 (Henderson, 1966).
A more slanted or oblique interception mechanism in its turn could suppress the degree of contraction
and ultimately the downward velocities near the system. However, this would also decrease the area
at which particles can get retained. It is unsure if there is an ideal design of obliqueness or that the
sharp edge performs the best in terms of retention.

5.3.2. Rigid­lid assumption
The rigid­lid assumption for underflow of an object has its implications and regarding the water level
this assumption does not hold. Due to the fact that a water level is set, a pressure variation in front of
and behind the wake is generated. This can be seen in Fig. 5.1. This problem arises for the different
cases, but is only illustrated for the medium flow case. In reality a water level difference would occur
just in front of the system, where the water level is of the same height as that of the energy head. From
the velocity head a water level difference in front of the system can be determined:

𝐻1 =
𝑢21
2𝑔 + ℎ1 (5.1)
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Figure 5.1: Pressure around plastic interception system. Indicated are x=24.9 m and x=25.1 m.

For the different flow velocities, the water level just in front of the system can be said to be equal to 𝐻1,
which are listed in Tab. 5.1. The rigid­lid model is only valid if the velocity head is smaller than that of
10% of the water depth, which is not the case for the high flow velocity case.

Table 5.1: Approximate water level just in front of the system for submerged flow and a free­surface model, calculated from the
energy head, situated at x=25 m in the model.

Inlet flow velocity [m/s] u = 0.10 u = 0.55 u = 0.90
Water level at the system [m] 0.251 0.265 0.291

Also, it is expected that behind the system a lower water level would be observed with a small hydraulic
jump also present. This is due to the fact that there is a head loss due to flow, similar to a sluice gate
or underflow for a structure (Swamee, 1992; Oskuyi and Salmasi, 2012).

5.3.3. Reference study submerged gate analogy
A reference study for submerged gate flow was performed whether the analogy for an submerged gate
flow holds. The sensitivity study is performed on the horizontal and vertical velocities generated by the
model simulation and if these are in line with earlier hydrodynamic results.

The results of the reference study agree very well with the experimental results of Finnie and Jeppson
(1991) and the computational methods byMontes (1997) and Shammaa et al. (2005) The horizontal and
vertical velocity values just underneath the gate structure and in front of the structure (x=a) are given
in Fig. 5.2. The 𝑘 − 𝜖 provides an accurate enough prediction of the flow near the wall for underflow
situations in OpenFOAM.

Figure 5.2: Horizontal and vertical velocity results from the reference case of Finnie and Jeppson (1991).
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5.3.4. Absence of plastic collection system behind the structure
In this study 3D effects have not been considered. The system was assumed to be perpendicular to the
flow without a location of collection. In reality this interception component is tilted with respect to the
streamwise component and guides debris towards the river bank, where a collection cage or container
is placed. In the model a final value of retention is reached and the model ”clogs” and rolls out a carpet
of debris against the streamwise direction.

5.4. Application of model results to field conditions
The model was set to be long enough and simulated for a certain time to come to a steady state
simulation, with a constant flux and geometry. In rivers, input of external factors, a variance in plastic
material properties and more complex geometries are present. This section mentions to what extent
this model could have been extended on and the relevance of this project. The flow velocity profiles
in rivers cannot always be described with equilibrium conditions due to constant changes in the river
profile.

5.4.1. Absence of external forcing effects
External effects were not taken into account in this study. More complications rise up with the addi­
tion of an extra phase or forcing effects. This behaviour has been analysed in other studies by Kooi
et al. (2018b) and Van Welsenes (2019) and these results indicate that the effect of wind increases
cross­sectional displacement and moves particles towards the river banks, resulting in beaching of the
material. However, Kooi et al. (2018b) is applied in oceanic environments and Van Welsenes (2019)
applies no validation study.

5.4.2. Variety of plastics in the natural environment
The plastic particle phase in this study considers four different types of particles. In reality a large vari­
ation is present, with a plastic distribution on the basis of shape, size and density constantly changing
over the river length (Waldschläger and Schüttrumpf, 2019a). There lie many uncertainties in the cur­
rent motions of plastics, with numerous processes influencing the physical plastic properties. This in
its turn impacts the distribution of plastic material.

It is unclear what the interactions are with the plastic debris of different size and shape and if these
form clusters of material, which is difficult to predict in a model. Further exploration in the behaviour
of plastics is necessary to come up with an system to represent a batch of different plastics. In the
current Eulerian­Eulerian model it was not possible to model particle­particle interactions. This can be
incorporated by adding lines of code in the solver applied, or another two­phase solver needs to be
used which has these processes incorporated already.

5.4.3. Influence of river geometry on concentration profile
The river shape, bends and structures largely influence the distribution of sediments in the vertical
and in the horizontal direction and probably that of plastics as well. Van Welsenes (2019) found that
the cylindrical flow in river bends and the difference in flow velocity between the inner and outer bend
caused plastics to move outward. Furthermore, the flow of a river changes in time and does not follow a
long period with a constant discharge. The Rouse profile assumes that the flow segment has a uniform
shape and a constant discharge. It is probable that the flow velocity profile always shows differences
with the theory, especially in the horizontal, as described in the previous section.

The available bed roughness parameters were the Nikuradse roughness height and a roughness con­
stant. The latter is a number that can vary between 0.5 and 1.0. When this constant is taken as 0.5 the
bed is uniform and constant and for 1.0 this means that the bottom is very rough. In reality the bed is
non­uniform and shows ripples and dunes in the streamwise component, whereas river cross sections
typically have a U or V­shaped form rather than a rectangular shape. The 2DV results represent a slice
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of the flow conditions in the width. The flow varies in cross­directional component with respect to the
streamwise component, due to friction and a lower depth at the river banks. What this means for the
particle distribution is that the concentration of the plastic flux near the river bank is lower than in the
middle of the river, due to the decrease in river flow.

The bottom friction coefficient of the simulation is taken as a constant 0.003, whereas in riverine areas
the bed is rougher and non­uniform. The results of the flume experiment by Zaat (2020) used a scaling
effect of 𝑐𝑓 = 0.005, with a uniform bed. A higher bed friction coefficient causes an increase in the
Nikuradse roughness height, which causes an increase in the bed friction velocity. Ultimately, this
means that the turbulent eddy viscosity results in a larger maximum, with more turbulent diffusion as
a result. This can be seen from Eq. 2.17 as well: the Rouse number decreases with increasing bed
friction velocity and thus leads to an equilibrium profile that shows more uniformity halfway the water
column.



6
Conclusions and recommendations

A main research question together with the objective was established in Chapter 1. In this chapter the
research question and the sub­questions from Section 1.2 are answered with the results of Chapter 4.
Following the conclusions, recommendations for further research are given to further explore into the
unexplored territories of research into plastics in riverine areas. These recommendations are important
to understand plastic particle trajectories better and ultimately intercept plastic debris near the water
surface.

6.1. Conclusions
This project applies the numerical software tool of OpenFOAM. The first stages of this study consisted of
a verification and validation study for the flow and plastic concentration. A Eulerian­Eulerian framework
for the two­phase model was applied for the flow of plastic particles in a straight reach. The obtained
validation results agreed well with the inverted Rouse profiles for higher Reynolds numbers. The aim
of the project was to investigate the interception of these particles. With the conditions and design in
this project a build­up in particle concentration near the system was observed, indicating interception
of material. The main research question reads:

How can plastics be computationally modelled and captured by an interception
system in a riverine reach for different flow velocities?
The sub­questions are answered one by one first. Together, these sub­questions answer the main
question. Then, an item is set that further expresses the applicability of the final result.

a. How can a channel with a steady flow and flux of plastic debris and an interception system
be modelled in a CFD programme?

The channel was modelled with a 2DV 𝑘 − 𝜖 turbulence model. A rectangular grid was set up with
rectangular grid cells. In the 𝑥­direction there was an equidistant grid of 0.05 m wide and over the
depth the grid size was 0.00625 m. The flow was described as steady, with a uniform inlet flow velocity
imposed. This flow velocity profile developed to a logarithmic velocity profile over the vertical. The
entrance length was assessed for the different flow velocities and plastic particles. This development
to a log­flow velocity profile was induced by a no slip boundary at the bottom and slip boundary at the
water surface. A rigid­lid model was applied.

The results of the flow without plastic debris was a log­flow velocity profile that gives an accurate
representation of the flow, deviating little from the theoretical profile that was expected for uniform flow
conditions, with a mean flow velocity difference of less than 1% for the different flow cases. Compared
to the maximum flow velocities, thus the velocity near­surface, a 3­4% difference was found. These
numbers are considered to be too small to have a large impact on the results on the concentration
profiles, with its impact on the resulting turbulent eddy viscosity profile being of parabolic shape.

56
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The turbulent eddy viscosity showed a slight deviation from the analytical profile, with its maximum just
higher than half of the depth for the different flow cases at 0.135 m, see Fig. E.5, Fig. E.7, Fig. 4.7 for
the different flow cases. The maximum value itself showed agreements with theory desired from a point
of view for the diffusion of particles. Furthermore, the spin­up time needs to be high enough. Spin­up
times were found to be in the order of regarded and can take much longer for lower flow velocities than
for higher flow velocities, when comparing the same geometry and time steps.

A constant flux of particles was assumed, which was modelled with a two­phase Eulerian approach.
A fraction of the total volume (1.00) in the model is designated as particles (0.01), whereas the other
fraction is water (0.99) at the inlet. These fractions both shared the same pressure field. The particles
were modelled as spheres, following kinetic theory. The particle parameters that could be modelled
were the diameter, density and the interphase momentum exchange forces between the two different
phases. A sensitivity study on the coefficients between the phases was performed. The appropriate
drag model for medium and high flow was found to be the Gibilaro drag model. For the low flow the
particle concentrations differed around 39%, which is a considerable difference compared to what the
medium flow and high flow deviated. For the medium flow a maximum under­ and overestimation in the
order of 10­20% was found, whereas the high flow concentration profiles differed 10%. The resulting
values were for the virtual mass, turbulent dispersion and the lift force were found to be 𝐶𝑣𝑚 = 0.5 ,
𝐶𝑡𝑑 = 1.0 and 𝐶𝑙 = 1.6 and a Gibilaro drag model.
The interception device is modelled as a square with perpendicular edges of 10% of the depth (0.025
x 0.025 m2). The system was modelled with no slip walls.

b. What is the required distance for both turbulent flow and that of particles to reach an equi­
librium profile?

In this study the necessary length to reach an equilibrium flow velocity profile was 60 times the depth,
60 ⋅ ℎ, and this length was similar for the low, medium and high flow velocity cases. The entrance
length for for the plastic concentration was dependent on the inlet flow velocity and the rise velocity of
the particles. It was seen that for PP particles the entrance length was considered shorter than that
for HDPE particles. A plausible reason is that is because of their difference rise velocity: the lighter
material had a shorter entrance length.

When the flow increased, the entrance length for the plastic particles decreased. Moremixing is present
for higher flow velocity and the travel distance for the particles to reach the equilibrium is mainly influ­
enced by their rise velocity. When modelling one should keep in mind that this travel distance can
change considerably, indicated by the collection of numerous studies on the entrance length for flow
(Bonakdari et al., 2014).

c. How can a concentration profile similar to the results of Zaat (2020) for the plastic flux be
replicated?

Two different plastic resins were tested with a specific set of model coefficients and a representative
diameter and density that agrees with spherical particles that follow the inverted Rouse profile. It was
seen that for the HDPE resin the model returns a distribution that agrees with the inverted Rouse profile
for these parameters. Furthermore, the applicability of the diameter times the coefficient of √𝛼 = 0.8
delivers a concentration profile similarly as a shift of the theoretical profile.

The simulations of the polypropylene material and the release of films also agreed with the Gibilaro
drag model, but not for the lower flow velocity. It shows that the application of this drag model is not
always valid to replicate particle flow in equilibrium conditions. The application of PP films needs to be
verified from physical tests, as the outcome of these tests could not be verified.

In the model the transformation from spherical items to films has been performed by only changing
the diameter, which in its turn changed the rise velocity towards this modified profile. A Gibilaro drag
model has been applied, which has been established for sediment­liquid flow, especially for fluidised
beds.

It moreover shows that these differences come from the fact that drag models have been developed
for a limited number of experiments and that some aspects of CFD modelling cannot be taken as
universally applicable.
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d. How can the relationship between the flow in front of an interception system and that of
plastic properties be defined in terms of retention of a plastic flux?

The particles that were retained the most, were the rise velocities of the light particles and show
that debris of this density is the easiest to remove from a river. This is confirmed by the distribu­
tions encountered in natural environments from tests in rivers with Manta nets or samplers (Sadri and
Thompson, 2014). When the particles go up faster than the downward flow velocity near the system,
these particles cannot be intercepted. The interception device showed retention values, of which the
numbers can be found in Tab. 4.8. Particles that had the highest rise velocity for the lowest downward
conditions did not flow underneath the system, until a certain moment in time. This moment occurred
when the constant flux of particles filled up the area of particles where the ”carpet” had filled up and
consequently these particles were transported downstream. This phenomenon did not occur for other
flow conditions and for other particles released.

When the flow velocity increased, the downward velocities in front of the system also increased. This
affected the retention in a negative way, when comparing this retention of a constant flux. It is however
expected that the particle concentration increases for increasing flow velocity and that in this way more
debris could be captured, as in reality for an interception system the flow velocities can be come so
high that the particles do not have time to flow underneath the arms or guidance wall but are collected
in their catchment area.

The interception of neutrally buoyant particles was negligible, with on average a 4% increase in the field
near the approach compared to the average concentration value. It can be seen from the retention for
neutrally buoyant particles that the concentration for high flow is highest near the system. This can be
explained from the velocity profile, with its maximum flow being much higher of that of medium and low
flow.

• Applicability of final result

The final Euler­Euler modelling approach provided a rapid assessment to replicate the inverted Rouse
profile and also replicate HDPE films with an imposed shape factor. It can provide results quickly
for engineers interested in testing or other designs or other plastic particles with the current design
tested.

The model results can help understand the trajectories of particle fluxes better. It explains how the
particle dynamics between a wall and the flow around it occurs. This problem is scaled as a small
flume but the essence is similar of that of a project with a larger scale.

Currently, there are exploratory studies available on better understanding the plastic dynamics and the
bringing together of more studies on this topic will help to ultimately remove debris in rivers of small
and larger size.

The study by Carleton and Nielsen (1990) is further confirmed with this thesis that the interception
design works for very light particles and especially particles near­surface. Particles in suspension
however do not show retention, as these particles will not get stirred up towards the interception
device.

6.2. Recommendations
Recommendations for further research are to perform more physical tests, implement a non­spherical
drag model applicable for plastic material and to expand the complexity of the current model. The
addition of physical tests would benefit the knowledge into the plastic behaviour the greatest: the
expansion of complexity of the model is only possible with a larger availability of these physical model
tests.

6.2.1. Physical model tests
Considering the different behaviour of the different plastic materials such as films, closed or open
bottles, bags, fragments, it is difficult to represent these materials into a model. The release of different
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plastic materials similar to Zaat (2020) can bring additional understanding into plastic paths and make it
easier to validate this model for other material as well. Now the only validation study performed is done
with one physical model. Better understanding into plastic particle trajectories will remove uncertainties
related to the modelling results. It can give more insight if a modified and inverted Rouse profile for
other buoyant plastic particles holds or whether the distribution should be approached from another
curve, such as the Gaussian curve (Sundby, 1983).

6.2.2. Application of three­phase model
This study considers the flow in a rectangular segment and an interception system with the rigid­lid
model. It is expected that a solver that does not negate water level differences may better represent
the plastic dynamics in a next stage, as the water level is expected to increase with more than 10%
near the interception device. The shape of the wake could change considerably and thus the outcome
of the retention of plastic particles by this system.

This solver could be a three­phase solver without a rigid­lid. These three­phases would then be: wa­
ter, plastic and air. In OpenFOAM these solvers can be either three­phase Euler or a partially Euler
and Lagrangian solver, with the plastic material being described from either a Lagrangian or Eulerian
perspective. In OpenFOAM these possibilities lie in multiphaseEulerFoam, which is an expansion
of the current model, or interMixingFoam, which derives its basics from a volume of fluid approach
with two of the phases being miscible. Another option is the use of multiphaseInterFoam, which
also is based upon the volume of fluid method and a mixture model.

6.2.3. 3D model
The project did not consider friction in the direction perpendicular to the streamwise component, while
this is expected to influence the concentration of plastic material over the width. From the results a fill­
up of plastic particles in front of the interception system was observed and particles went underneath
the system for higher flow velocities. If 3D effects are considered and a collection system is placed
behind the device, then a better assessment can be made of the trapping of particles. A clear view on
the trapping efficiency can help engineers in making a better interception system design.

6.2.4. Application of non­spherical drag model
It is advisable to apply a non­spherical drag model that not only time averaged agrees with the motion of
films in the water column and to further explore the applicability of different drag models for the motion
of different plastic materials.

A non­spherical drag model can be added into the CFD toolbox of OpenFOAM in order to capture the
form and friction drag of irregularly shaped particles. A non­spherical drag force is available in the Lag­
rangian module of OpenFOAM and is based on the equations found by Haider and Levenspiel (1989).
An average error for this drag model is found to be 21.5% (Chhabra et al., 1999). Research was un­
dertaken to find a coherent drag coefficient and model for plastic fragments and other types of material
(Waldschläger and Schüttrumpf, 2019b). Average errors here were also found to be in the same order,
but can give an indication in the trajectories of a plastic flux for steady flow conditions.

Exploration into the implementation of a non­spherical drag model has been performed by Andric (n.d.),
wherein a step by step procedure in the application of such a model is done. A replication of this study
applied for plastic material, together with a physical test can show the validity of such a drag model,
hereafter this could be tested on larger scale models. The drag exerted on these particles can be better
resolved with such a drag model. Ultimately specific systems can be designed for areas where specific
plastic debris found.

6.2.5. Sensitivity analysis on turbulence model with respect to flow
The 𝑘 − 𝜖 turbulence model is one of the more basic turbulence models to resolve the wakes and slurs
of the flow. The 𝑘 − 𝜔 model might resolve the flow better near the wall, thus a sensitivity study for
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this turbulence model or a 𝑘 − 𝜔 Shear Stress Transport (𝑘 − 𝜔 SST) model should be performed
to see if this is the case. It is unsure if the differences found in flow velocity between the analytical
results and the computational model impact the concentration profile and subsequently the retention of
particles by the system. This needs to be further assessed with other turbulence models to improved
the predictability of plastic dynamics and ultimately the removal of plastic debris.
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A
Literature review

A.1. River plastics
Estimated plastic releases from Asian rivers represented 86% of the total global input. This is due to
the high population density in combination with high plastic production rates. The estimated annual
input is approximately 1.21 million tonnes per year. Of the total fraction worldwide, 0.28% comes from
Europe with an estimated annual input 3,900 (range: 2,310–9,320) tonnes per year. (Lebreton et al.,
2017) It is estimated from Van der Wal et al. (2015) that 20–31 tonnes flows into the North Sea every
year from the Rhine River, originating from different sources.

The plastic concentration rises with a higher flow in water. This is due to the fact that higher discharge
delivers a higher bed shear stress, transporting debris that has been laying in the river bed or in river
floodplains. Thus, with the occurrence of rain and high fluctuations of discharge come high fluctuations
of plastic concentration in the river flow. (Van Emmerik and Schwarz, 2020)

A.1.1. Types and applications
Originally plastics are produced from fossil fuels, with certain plastics developed with biomass also.
Plastic has been incorporated in the daily life of people. Plastics can be manufactured in a multitude
of ways and shapes as the material properties are diverse. The material has been engineered to meet
its various demands for its given purpose, with the general properties of the plastics are their strength,
resistance and durability.

The downside of the durability is that it hardly degrades in the environment. The fragmentation to
micron­sized particle can take centuries, while this material can be harmful for organisms and envir­
onment (Kubowicz and Booth, 2017). Efforts have been made to make plastics biodegradable with
shorter residence times in the environment. (Ojeda, 2013). However, plastics labelled as ”biodegrad­
able” are still conventional plastics with additives accelerating the first breakdown process and still end
up as micro particles in the environment. (Ammala et al., 2011) Plastics are regarded as particles that
do not degrade throughout the river reach because of these findings.

A.1.2. Harms of plastics
When plastics end up in the environment, they can have damaging effects. This can occur to nature,
wildlife and human interventions in multiple ways. This section discusses certain damaging effects of
plastics.

• Ingestion and entanglement
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Figure A.1: A manta net sampler. Photo by Julia Farkas,
SINTEF Ocean.

Figure A.2: A WFW­sampler.

The consumption of plastic particles can occurs for species of different sizes (e.g. whales,birds and
fish), causing death if this accumulates in the body of animals. Entanglement of these species can also
be lethal. Humans can consume these plastics when consuming other animals: on average people
ingest 5g of plastic every week (Dalberg Advisors et al., 2019). Different types of plastic have varying
toxic properties and thus varying consequences for plastic consumption for humans. A buildup of these
toxins could impact the immune system, however long term effects remain unclear.

• Navigation and fisheries

Plastic pollution in rivers can result in hindrance to navigation when plastics are accumulated in river
or canal segments. An extreme case of plastic buildup in a river is indicated in Fig. A.3, of the Pisang
Batu river in Indonesia.

Figure A.3: Plastic buildup in the Pisang Batu river, which runs through a village in the Bekasi Regency of West Java, Indonesia,
from (NOS, 2019).

Fisheries can be affected by plastic debris, similar to navigation problems, but also economically. Pro­
pellers have been noted to get entangled, damage to fishing gear and injuries have been reported by
Nash (1992) in Indonesia.

A.1.3. Transportation
Disposal of plastics is poorly managed. The material can be found in various locations after being
disposed of: on the streets, in the rivers and on landfill locations. When plastics are littered, wind
or rainfall can carry a plastic toward a drain into a river or directly into the river. After the plastic
debris enters a river, it is deposited at a location in the river sediment, river obstructions, floodplains or
transported downstream.
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A.1.4. Plastic sinks
Deposition can occur due to sinks and retention of particles, turbulences, stillwaters and drift ashore
towards the river bank (Mani et al., 2015). Furthermore, plastics can be be deposited into the soil of
the river, when the particle settles. Particle settling is further elaborated on in Appx. A.4.2.

If the particle lies in the river bed for a period of time, the particle can get buried by other sediment on
top of this, resulting in an armouring effect. These plastics can then only be resuspended when the
shear stress is higher than the critical shear stress for this particles, thus with high energy events. This
happens during storm events.

When debris is transported downstream towards the sea, it ends up at either the beach or further into
the ocean. Ultimately this ends up in one of the ocean gyres, which are locations where ocean currents
form a circling pattern. Buoyant litter is concentrated at these locations.

A.1.5. Plastic concentration variation
High seasonality in concentration of plastic debris in rivers are found throughout the year. These dif­
ferences are related to arid and wet weather: in the Italian Po River, sampled concentrations differed
by one order of magnitude between Winter and Spring, due to the larger amount of precipitation in
the Winter time (Lebreton et al., 2017). The report by Mani et al. (2015) found substantial temporal
variations in plastic contamination levels.

Differences in plastic concentrations in rivers are found throughout the year. These differences are
related to arid and wet weather, runoff can be directly related to plastic contamination levels and the
transport of plastics into freshwater systems. In the Po River, sampled concentrations differed by one
order of magnitude between winter and spring (Lebreton et al., 2017), emphasising seasonality of
freshwater contamination in rivers. High seasonality in concentration of plastic debris in the river was
found corresponding with the high rainfall peaks throughout the year.

Van Emmerik et al. (2019) found that plastics are abundant in the top layer, with specifications in two
different layers in Jakarta, see Fig. A.4. The level of detail is relatively low, with only two layers specified
in the vertical.

Figure A.4: 2 layer measurements in Jakarta.
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A.2. Schematisations systems
The Ocean Cleanup started with a system to catch plastic debris floating in the ocean around the major
rotating gyres. The system has shown to be working, but has not had much success Fairs (2019).
The Ocean Cleanup has developed a version of a plastic interception system that can be applied in
rivers.

The first prototype of the Interceptor has been tested in Zuidland and by 2018 the second design had
been made. In 2019 the first tests started and currently the system is active in Malaysia. The first
prototype is currently deployed in a river in Indonesia.

A.3. Turbulent flow

A.3.1. Reynolds number
From the Reynolds number the flow patterns in different situations can be determined. This is for lam­
inar, turbulent and intermediate flow fields. The number is expressed as the inertial forces divided by
the viscous forces. Low 𝑅𝑒­numbers indicate laminar flow (< 2300) , where high numbers (> 4000)
indicate turbulent flow. For laminar flow the viscous forces are dominant, where turbulent flow is dom­
inated by inertial forces, with eddies, vortices and other flow instabilities as features of this flow field.
The equation for the 𝑅𝑒­number is given in Eq. A.1:

Re = 𝜌𝑢𝐿
𝜇 = 𝑢𝐿

𝜈 (A.1)

The equation given for the flow velocity in the vertical is given by Eq. A.2.

𝑢
𝑢∗
= 1
𝜅 ln {

𝑦
𝑦0
} (A.2)

Where:

𝜅 is the Von Karman constant, which is 0.41;
𝑧 is the position in the vertical;
𝑢∗ is the friction velocity

A.4. Particle transport

A.4.1. Equilibrium conditions spherical particles

𝐶(𝑦) = 𝐶𝑎 (
ℎ − 𝑦
𝑦

𝑎
ℎ − 𝑎)

𝛽
(A.3)

Rouse profile relates the sediment fall velocity with the shear velocity.

Where

𝑅0 is the particle diameter
𝜌𝑝 is the particle density
𝜌𝑤 is the water density

𝜇 is the dynamic viscosity of water
𝑔 is the gravitational acceleration of 9.81 𝑚/𝑠2
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A.4.2. Nonspherical particles
For nonspherical particles the drag coefficient is determined to be higher than for spherical particles,
as a decrease in the Stokes velocity was measured. In the past multiple expressions have been set
up and these have been compared by Chhabra et al. (1999). This included 1900 data points covering
a range of Reynolds numbers (10−4 < 𝑅𝑒𝑛𝑝 <105), geometrical shapes of particles, and sphericity
values of 0.09 < 𝜓 < 1.

Expressions derived by Haider and Levenspiel (1989) and Ganser (1993) give more accurate results
with an average error of 16.3%. This included a Reynolds number specifically for nonspherical particles
𝑅𝑒𝑛𝑝 related to the drag coefficient. The sphericity is a nondimensional number indicating whether the
particle is spherical (𝜓=1) and smaller than 0.67 for disks (Chhabra et al., 1999).

A.5. Plastic modelling
There is a great level of uncertainty related to both measurements and models of plastic transport
in riverine systems. Degradation processes, the origin and deposition are poorly understood, with
potentially an important role in the size and spatial distributions of plastic in freshwater ecosystems.
With the equations described at Eq. A.8 the settling and rise velocities can be determined, while this
still yields errors of around 30%. A more accurate manner is yet to be found and in turbulence this
number is expected to increase more. (Burns and Boxall, 2018)

A.5.1. Settling of plastics

Figure A.5: Measured and found densities from different plastic materials. (Waldschläger and Schüttrumpf, 2019b)

For settling pellets and fragments, the drag coefficient is:

𝐶𝐷,𝑠,𝑝+𝑓 =
3

𝐶𝑆𝐹 ⋅ 3√𝑅𝑒
(A.4)

For settling fibres this is:

𝐶𝐷,𝑠,𝑓𝑖𝑏𝑟𝑒 =
4.7
√𝑅𝑒

+ √𝐶𝑆𝐹 (A.5)
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For rising pellets and fragments, the drag coefficient becomes:

𝐶𝐷,𝑟,𝑝+𝑓 = (
20
𝑅𝑒 +

10
√𝑅𝑒

+ √1.195 − 𝐶𝑆𝐹) ⋅ ( 6𝑃)
1−𝐶𝑆𝐹

(A.6)

For fibres, this coefficient reads:
𝐶𝐷,𝑠,𝑓𝑖𝑏𝑟𝑒 =

10
√𝑅𝑒

+ √𝐶𝑆𝐹 (A.7)

The subsequent settling or rise velocity reads:

𝑤𝑠 = √
4
3
𝑑equi
𝐶𝐷

(𝜌𝑠 − 𝜌𝜌 )𝑔 (A.8)

Waldschläger et al. (2020) compared the results of settling MP particles for the above equations with
the equations for Stokes particles and saw that the accuracy is higher for the upper equations, with
errors ≈ 30%. The Stokes equations for different 𝑅𝑒 numbers are given below in Eq. A.9

Re < 0.5 ∶ 𝐶𝐷 =
24
Re
(3 of 100 particles )

0.5 < Re < 103 ∶ 𝐶𝐷 =
24
Re
+ 4
√𝑅𝑒 + 0.4(92 of 100 particles )

103 < Re < 2∗105 ∶ 𝐶𝐷 = 0.44(5 of 100 particles )
(A.9)

A.5.2. Efforts in simplifying plastics with respect to shape, density, size
Non­buoyant plastic debris is subject to the advective, dispersive, and sedimentation processes. A
unique feature here is that a high proportion of the plastic will have a density not that different from
that of water, in contrast to natural suspended (mineral) solid particles of the same size. The variety
of plastic sizes and densities, however, still varies enormously, leading to a wide variety of transport
patterns for individual particles in the mixture.

Table A.1: lower and upper limit of the microparticles assessed

lower limit mean upper limit
Size [𝑚𝑚] 0.2 0.2 5
CSF [−] 0 0.4 1
Density [𝑘𝑔/𝑚3] 955 1000 1099

Table A.2: Plastic types, commonality and density limits

Plastic type Percentage found [%] Lower density limit Upper density limit
PE 25 890 980
PET 16.5 960 1450
PA 12 1020 1160
PP 14 830 920
PS 8.5 1040 1100
PVA 6 1190 1310
PVC 2 1100 1580

A.5.3. Fate of riverine and marine plastics
Kooi et al. (2018a) used a NanoDUFLOW model, parameterized for the investigation of plastic particle
behaviour in riverine systems. The scale of this paper was 40km , thus with another scale than this
project. The input values for the parameterisation of i.e. the density can be useful. Microplastic was
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assigned a density of 1040 kg/m3, which is the average of polymer densities found in the marine
environment (Andrady, 2011). Furthermore, polymer density was varied from 1000 to 1500 kg/m3,
representing a wide range of polymer types and with 1000 kg/m3 also representing non­settling plastic.
For the scenarios with different polymer densities, the upstream plastic input concentration was kept
constant on a volume basis. The model showed retention of plastics in the river, meaning that plastics
are not only transported in the river to the ocean but also settle in the bed.

When the shear stress is higher than the critical shear stress, settled plastics in the bed can be resus­
pended if flow is high enough. This is possible for high energy events, such as storm events. After long
sedimentation the particle can be buried into the sediment bed, only resuspended when the upper bed
is eroded away. (Kooi et al., 2018a)

(Waldschläger and Schüttrumpf, 2019a) looks into the erosion of MP on and in the bed. 620 runs
with 51 different plastic types were investigated in a physical model, with 4 different types of river bed
(3 uniform, 1 mixed). Armouring effects are taken into consideration, with a final assessment for the
applicability of the Shields diagram and the impact of the hiding­exposure effect on MP transport. The
results are that the combination of the MP particle properties density, diameter, and shape with the
sediment grain size influences the critical shear stress of MP particles severely. The critical shear
stress increases with higher particle densities.

Natural sediment has an average density of 2650 kg/m3, the density of MP ranges between 20 and
1400 kg/m3. Approximately half of all manufactured plastics are heavier than water and can therefore
sink to the bottom without any further influence necessary. MP particles have very diverse shapes such
as pellets, fibres and fragments, whereas sediment consists mainly of almost round grains.

MP particles with a spherical shape move earliest, even before pellets with smaller diameters and
lower particle densities. For example, the four points in Figure 5, which are well below the other points,
belong to the PS spheres. Of all particle shapes, spheres have the smallest surface contact with the
underlying ground, so there is less shear resistance and therefore less drag force is required for particle
movement

The shape of these different type of materials was assessed with the Corey Shape Factor (CSF), where
a, b, and c are the three main particle side lengths:

𝐶𝑆𝐹 = 𝑐
√𝑎𝑏

Because of those strongly varying particle properties and insufficient knowledge of the prevailing trans­
port mechanisms, a transferability of the basic principles from sediment transport is at least
questionable.

”Findings where that a comparison with the Shields diagram has shown that half of the MP particles
move earlier than expected (thus earlier than natural sediments would), and therefore a higher MP
transport rate can be assumed than would be determined with the theory from sediment transport.
This was explained by the impact of the hiding­exposure effect and based on the nonuniform sediment
transport an adapted equation was determined, which can be used to determine the critical shear stress
of MP particles on natural sediment.”

”When considering the erosion behavior in numerical simulations, the dependence of the critical shear
stress on the sediment bed has to be paid attention to and a fundamental transferability of the para­
meters from sediment transport to MP transport has to be rethought. ”

The erosion behaviour of MP is looked into in Ballent et al. (2013) as well, although this is looked
into for a marine and not fluvial environment. The project looked at MP particles on a bed of MP in a
uniform composition, and determined critical shear stresses of MP pellets in saltwater. According to
Waldschläger and Schüttrumpf (2019a) this investigation is suitable as an introductory consideration,
but the significance for processes appearing in nature is low.

The definition of critical shear stress is also calculated in a different order, as it was calculated back
from the prevailing flow velocities to the critical shear stresses, where in Waldschläger and Schüttrumpf
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(2019a) the critical shear stresses were determined directly. Furthermore only pellets were investig­
ated.

Van Welsenes (2019) has looked into the propagation of floating macroplastics in riverine sections.
However, these particles are too large and wind coefficients have not been tested in a sensitivity case
study for this project. The model applied is a D3D model, which differs from CFD modelling.

A.5.4. Physical modelling
Zaat (2020) tested the spreading of plastic films in a flume with a depth of 0.25m with a setup of 6.7m
between the release and measurement of the plastic films. The release was for 100 plastic films at 7
different depths.

The dimensions of the plastic films were assessed and different propagation velocities were measured.
The vertical profile of the plastics followed the Rouse profile, with a shape factor. From this flume test it
can be said what the average rise velocities are for this film of HDPE and LDPEmaterial. The discussion
for this thesis is the amount of air bubbles attached to the film largely influence the rise velocity.

Obstructions in the upper water column were also tested. A solid gate of 1/5 of the water depth was
tested at the water surface, as well as a bottom sill and a obstruction half way the depth of the same
dimension. The gate at the water surface is of specific interest. It showed that plastic films were
captured, but eventually that the plastic passed underneath the gate when these where in abundance
adjacent to the gate. No noticeable difference in shear velocity was found for a varying approach angle:
in an additional experiment, the orientation of the sluice gate was altered to 70˚ and 110˚ with respect
to the waterline.

A.6. CFD modelling
According to (Badano et al., 2012) OpenFOAM is a modelling toolbox based on the finite­volume
method that has become widely used in the research community because of the open­source code,
easy customisation, and wide array of available solvers and utilities.

Application to open­flow hydrodynamics consists of studies focusing among others on horizontal recir­
culation in canyon rivers (Alvarez et al., 2017), river channel evolution by landslides (Zhao et al., 2017),
and flow through vegetation (Chakrabarti et al., 2016).

A.6.1. Particle modelling
(Andric, n.d.) looked at various two phase flow regimes and the associated packages to it. It describes
the different packages necessary for modelling particles in OpenFOAM, which are the classes Solid­
particles and Solidparticlecloud with their according specifications in this case.

The paper by (Tritthart et al., 2009) has applied a CFD model for groyne fields, together with a particle
tracking tool to measure residence times in eddies next to groynes.

A 2nd order upwind model was applied, as well as 3D RANS averaged equations in the modelling
tool RSIm 3D. A particle tracing model was applied so that the preturbations from turbulence that are
averaged with RANS are incorporated. The project applied a 𝑘−𝜖 model as turbulence model. Where
OpenFOAM is an implicit model, this project followed an explicit model, that had to meet the Courant
definition.

The grid length was 4 km (test reach of 3 km + 0.5 km up­ and downstream) with a 1x1 𝑚2 grid
The system was validated with observed tracer data in the river and model data. Most accuracy was
reached for simulation time with 𝑡 < 45 𝑚𝑖𝑛. Velocities were measured at different depths compared
with random walk model: limited errors in some cases.
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The random walk particle tracing model applied is of the order:

𝑥(𝑡 + Δ𝑡) = 𝑥(𝑡) + 𝑢̄(𝑡)Δ𝑡 + 𝑢′(𝑡)Δ𝑡
𝑦(𝑡 + Δ𝑡) = 𝑦(𝑡) + 𝑣̄(𝑡)Δ𝑡 + 𝑣′(𝑡)Δ𝑡
𝑧(𝑡 + Δ𝑡) = 𝑧(𝑡) + 𝑤̄(𝑡)Δ𝑡 + 𝑤′(𝑡)Δ𝑡

(A.10)

And the kinetic energy:

𝑘 = 1
2(𝑢

′2 + 𝑣′2 +𝑤′2) (A.11)

The turbulent fluctuations follow:

𝑢′(𝑡) = 2𝑍1√𝑘
𝑣′(𝑡) = 2𝑍2√𝑘

𝑤′(𝑡) = 0
(A.12)

Where 𝑍1 , 𝑍2 are independent random numbers between ­1 and 1.

This study by Yuill et al. (2020) uses a three­dimensional OpenFOAM hydrodynamic and particle­
tracking model to investigate how turbulence generated from bedforms and the channel bed influences
medium sand­sized particle settling, in terms of the distribution of suspended particles within the flow
field and particle­settling velocities.

Turbulence was resolved using detached eddy simulation (DES) and particle settling using a Lag­
rangian particle­tracking solver. ”non­hydrostatic Navier–Stokes equations for single­phase flow with
constant density and viscosity. Turbulence, within the flow field, was simulated using a DES approach
which employs a one­equation mixing­length RANS (Reynolds­averaged Navier–Stokes) model to ap­
proximate boundary­layer flow near walls and a large­eddy simulation (LES) scheme away from walls.
The LES scheme fully resolves turbulent flow dynamics at and above a length scale approximate to
the cell dimensions of the computational grid or mesh.”

As with other computational modelling papers read, this study has not been verified, while it has adjus­
ted underlying transport mechanisms.

Burak (2015) compared different turbulence models at a river location simplified in the model. The
release of 11,31 kg particles injected from inlet surface at the beginning of simulation for k­ε and k­ω
turbulence models to understand particle motions was performed. Furthermore for 22,62 kg and 11,31
kg sediment particles were released under the same conditions for this purpose and results showed
that particles settled in a similar way at both cases. These simulations were conducted for uniform
particle distributions of D=0.001 mm, D= 0.003 mm and D = 0.005 mm as median diameters with an
added particle tracking tool.

The grid resolution was LWD = 90x40x3.7 with a grid size of = 2.25x2.5x0.53. Thus it is possible in
CFD modelling to model the release of very small particles in a relatively large domain, here the ratio
between particle : cell is an order of magnitude of ≈ 1 :100 ­ 1000.



B
OpenFOAM details

B.1. Implementation of 𝑘 − 𝜖 turbulence model in OpenFOAM

Table B.1: Model constants k­epsilon in OpenFOAM. (OpenFOAM, 2006)

Constant 𝐶𝜇 𝐶1 𝐶2 𝐶3 𝜎𝑘 𝜎𝜖
Value 0.09 1.44 1.92 0.0 1.0 1.3

The turbulent kinetic energy dissipation rate is given by :
𝜕
𝜕𝑡 (𝛼𝜌𝜖) + ∇ ⋅ (𝛼𝜌u𝜖) − ∇

2 (𝛼𝜌𝐷𝜖𝜖) = 𝐶1𝛼𝜌𝐺
𝜖
𝑘 − ((

2
3𝐶1 − 𝐶3,𝑅𝐷𝑇)𝛼𝜌∇ ⋅ u𝜖) − (𝐶2𝛼𝜌

𝜖
𝑘𝜖) + 𝑆𝜖 (B.1)

The turbulent kinetic energy equation is given by :
𝜕
𝜕𝑡 (𝛼𝜌𝑘) + ∇ ⋅ (𝛼𝜌u𝑘) − ∇

2 (𝛼𝜌𝐷𝑘𝑘) = 𝛼𝜌𝐺 − (
2
3𝛼𝜌∇ ⋅ u𝑘) − (𝛼𝜌

𝜖
𝑘𝑘) + 𝑆𝑘 (B.2)

B.2. Pressure coupling algorithms

Figure B.1: PISO­SIMPLE loop. From Ries et al. (2017).
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∇ ⋅ 𝑈 = 0 (B.3)

𝜕𝑈
𝜕𝑡 + ∇ ⋅ (𝑈𝑈) = −

1
𝜌∇𝑝 + 𝜇∇

2𝑈 + 𝑔 (B.4)

PISO and SIMPLE deals with this problem.

The momentum equations are written in general matrix form:

𝑀𝑈 = −∇𝑝 (B.5)

In OpenFOAM a discretisation of the terms is performed, with the FVM.

OF : function:

solve(UEqn == ­fvc::grad(p))

M = ⎛⎜

⎝

𝑀1,1 𝑀1,2 𝑀1,3 … 𝑀1,𝑛
𝑀2,1 𝑀2,2 𝑀2,3 … 𝑀2,𝑛
𝑀3,1 𝑀3,2 𝑀3,3 … 𝑀3,𝑛
⋮ ⋮ ⋮ ⋮ ⋮

𝑀𝑛,1 𝑀𝑛,2 𝑀𝑛,3 … 𝑀𝑛,𝑛

⎞
⎟

⎠

(B.6)

It is a momentum predictor stage, as this computed velocity field U does not satisfy the continuity
equation.

From the computed matrix M a diagonal matrix is computed, matrix A.

A = ⎛⎜

⎝

𝑀1,1 0 0 … 0
0 𝑀2,2 0 … 0
0 0 𝑀3,3 … 0
⋮ ⋮ ⋮ ⋮ ⋮
0 0 0 … 𝑀𝑛,𝑛

⎞
⎟

⎠

(B.7)

The inverse of this matrix is then computed:

A−1 = ⎛⎜

⎝

1/𝐴1,1 0 0 … 0
0 1/𝐴2,2 0 … 0
0 0 1/𝐴3,3 … 0
⋮ ⋮ ⋮ ⋮ ⋮
0 0 0 … 1/𝐴𝑛,𝑛

⎞
⎟

⎠

(B.8)

This is written in OpenFOAM as

volScalarField rUA = 1.0 / UEqn().A()

Because of the extraction from the diagonal from the M matrix, Appx. B.2 can be written:

M𝑈 = A𝑈 −H (B.9)

Rearrangement gives:

H = A𝑈 −M𝑈
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Where H is the residual left after extraction of the diagonal of the matrix. This enables the calculation
of the source term for the pressure equation.

From the momentum equation similar as before, see Eq. B.10, both sides are multiplied byA− (Eq. B.11
and substituted in the continuity equation, see Eq. B.12:

A𝑈 −H = −∇𝑝 (B.10)

A−1A𝑈 = A−1H −A−1∇𝑝 , 𝑈 = A−1H −A−1∇𝑝 (B.11)

∇𝑈 = 0; ∇ ⋅ (A−1∇𝑝) = ∇ ⋅ (A−1H) (B.12)

In OpenFOAM this is written as:

∇ ⋅ ( 1𝑎𝑝
∇𝑝) = ∇ ⋅ (H(𝑈)𝑎𝑝

) (B.13)

When the pressure field is solved, this solution can be used to correct the velocity field, satisfying the
continuity equation, Eq. B.14:

𝑈 = A−1H −A−1∇𝑝 (B.14)

This is an explicit pressure­corrector step. However, after this correction, the pressure equation is no
longer satisfied, and the source term H, which is dependent on U, needs to be updated.

There are two ways to proceed here, which are the PISO and SIMPLE algorithms.

1. Solve momentum predictor

2. Extract A matrix from M matrix

3. Compute H matrix using the computed velocity field

4. Assembly of pressure equation

B.2.1. PISO algorithm
The abbreviation of PISO is Pressure­Implicit with Splitting of Operators, which splits the operators into
an implicit predictor and multiple explicit corrector steps. It is not an iterative process. The momentum
equation for RANS, one dimensional, inviscid flow along the x­direction, with a gravity component in
the equation as well. (OpenFOAM Wiki, 2014)(Issa, 1986)

𝜕𝑢̄
𝜕𝑡 +

𝜕
𝜕𝑥 (𝑢̄𝑢̄) = −

𝜕𝑝
𝜕𝑥 + 𝜌𝑘𝑔 (B.15)

The momentum predictor is again solved and used to update H, which is called an outer corrector loop,
as it loops the entire process, see Eq. B.16

M𝑈 = −∇𝑝
H = A𝑈 −M𝑈

∇ ⋅ (A−1∇𝑝) = ∇ ⋅ (A−1H)
𝑈 = A−1H −A−1∇𝑝

(B.16)
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For the PISO algorithm, the momentum predictor is once solved, and then proceeds to inner loops,
which are the remaining three steps, until a certain amount of iterations or a convergence is reached:

H = A𝑈 −M𝑈
∇ ⋅ (A−1∇𝑝) = ∇ ⋅ (A−1H)
𝑈 = A−1H −A−1∇𝑝

(B.17)

B.2.2. SIMPLE algorithm
The abbreviation SIMPLE stands for Semi­Implicit Method for Pressure Linked Equations and consists
of the following method for each iteration (Caretto et al., 1973) (OpenFOAM, 2006):

1. Advance to the next iteration t=tn+1;

2. Initialise 𝑢𝑛+1 and 𝑝𝑛+1 using latest available values of u and p;
3. Construct the momentum equations;

4. Under­relax the momentum matrix;

5. Solve the momentum equations to obtain a prediction for 𝑢𝑛+1;
6. Construct the pressure equation;

7. Solve the pressure equation for 𝑝𝑛+1;
8. Correct the flux for 𝜙𝑛+1;
9. Under­relax 𝑝𝑛+1;
10. Correct the velocity for 𝑢𝑛+1;
11. If not converged, go back to step 2.

B.2.3. PIMPLE algorithm
The PIMPLE algorithm is the methods of PISO and SIMPLE combined.

B.3. Two phase Eulerian modelling

𝜕(1 − 𝜙)
𝜕𝑡 + 𝜕(1 − 𝜙)𝑢

𝑙
𝑖

𝜕𝑥𝑖
= 0 𝜕𝜙

𝜕𝑡 +
𝜕𝜙𝑢𝑝𝑖
𝜕𝑥𝑖

= 0 (B.18)

The momentum equations for the fluid (Eq. B.19) and particle (Eq. B.20) phases are written as:

𝜕𝜌𝑙(1 − 𝜙)𝑢𝑙𝑖
𝜕𝑡 +

𝜕𝜌𝑙(1 − 𝜙)𝑢𝑙𝑖𝑢𝑙𝑗
𝜕𝑥𝑗

= −𝜕(1 − 𝜙)𝑝
𝑙

𝜕𝑥𝑖
+
𝜕(1 − 𝜙)𝜏𝑙𝑖𝑗

𝜕𝑥𝑗
+ 𝜌𝑙(1 − 𝜙)𝑔𝛿𝑖3 +𝑀𝑓𝑠𝑖 (B.19)

𝜕𝜌𝑝𝜙𝑢𝑝𝑖
𝜕𝑡 +

𝜕𝜌𝑝𝜙𝑢𝑝𝑖 𝑢
𝑝
𝑗

𝜕𝑥𝑗
= −𝜕𝜙𝑝

𝑙

𝜕𝑥𝑖
− 𝜕𝑝

𝑝

𝜕𝑥𝑖
+
𝜕𝜏𝑝𝑖𝑗
𝜕𝑥𝑗

+ 𝜌𝑝𝜙𝑔𝛿𝑖3 +𝑀𝑝𝑙𝑖 (B.20)
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B.4. Drag models in reactingTwoPhaseEulerFoam

Table B.2: Drag models in reactingTwoPhaseEulerFoam, from Norouzi and Khodabandehlou (n.d.), Enwald et al. (1996a) and
Yilmaz et al. (2019).

Drag model Application Applicability
AttouFerschneider Gas­liquid flow 7

Beetstra Solid­gas flow 7

Ergun Fluidised bed 7

Gibilaro Liquid­solid flow 3

GidaspowErgunWenYu Combination Gidaspow­Ergun­WenYu 7

GidaspowSchillerNaumann Combination Gidaspow Schiller Naumann 7

IshiiZuber Gas­liquid flow 7

Lain Gas­liquid flow 7

SchillerNaumann Dispersed bubble flow 7

Syamlal O’Brien Liquid­solid flow 3

Tenneti Drag model for monodisperse gas­particle flows 7

TomiyamaAnalytic Bubble flow 7

TomiyamaCorrelated Bubble flow 7

TomiyamaKataokaZunSakaguchi Bubble flow 7

WenYu Liquid­solid flow 3

segregated Application for when there is no dispersed phase 7

B.4.1. Gibilaro drag model
The drag model of Gibilaro (Enwald et al., 1996b):

Ksg =
( 18𝑅𝑒 + 0.33) (𝜌𝑔 |𝑣p − 𝑣𝑙|)

𝑑𝑝
𝛼p𝛼−1.8𝑙 (B.21)

B.4.2. Syamlal O’Brien drag model
The Syamlal O’Brien drag model reads (Syamlal et al., 1993)(Hernández­Jiménez et al., 2011):

𝐾𝑙𝑠 =
3𝛼𝑝𝛼𝑙𝜌𝑙
4𝑣𝑟,𝑠2𝑑𝑝

𝐶𝐷 (
𝑅𝑒𝑝
𝑣𝑟,𝑠

) |⃗⃗⃗⃗⃗𝑣𝑝 − ⃗⃗⃗⃗𝑣𝑙| (B.22)

𝐶𝐷 = ⎛

⎝

0.63 + 4.8

√𝑅𝑒𝑝
𝑣𝑟,𝑠

⎞

⎠

2

(B.23)

𝑅𝑒𝑝 =
𝜌𝑙𝑑𝑝 |⃗⃗⃗⃗⃗𝑣𝑝 − ⃗⃗⃗⃗𝑣𝑙|

𝜇l
(B.24)

The terminal velocity is given as:

𝑤𝑟 = 0.5 (𝐴 − 0.06𝑅𝑒𝑝 +√(0.06𝑅𝑒𝑝)
2 + 0.12Re𝑝(2𝐵 − 𝐴) + 𝐴2) (B.25)

with 𝐴 = 𝛼4.14𝑙 and 𝐵 = {0.8𝜀
1.28
𝑙 if 𝜀𝑙 ≤ 0.85

𝜀2.65𝑙 if 𝜀𝑙 > 0.85
(B.26)
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B.4.3. Wen­Yu drag model
The Wen­Yu drag model reads:

𝐾𝑠𝑙 =
3𝜌𝑙𝛼𝑙 (1 − 𝛼𝑙)

4𝑑𝑝
𝐶𝐷 |⃗⃗ ⃗⃗⃗𝑢𝑝 − ⃗⃗⃗⃗𝑢𝑙| 𝛼−2.65𝑙 (B.27)

With the drag coefficient for spherical particles given as:

𝐶𝐷 =
24

𝛼𝑙 Re𝑝
[1 + 0.15 (𝛼𝑙 Re𝑝)

0.687] (B.28)

And the Reynolds number for the solids

Re𝑝 =
𝜌𝑔𝑑𝑝 |𝑉⃗𝑝 − 𝑉⃗𝑔|

𝜇𝑔
(B.29)



C
Mesh around interception system

C.1. Mesh between x=24.8 m to x=25.2 m over the depth

Figure C.1: Mesh around the interception system. The white vertical lines are coordinated at x=24.8 m, x=24.9 m,x=25.1 m and
x=25.2 m.

C.2. Mesh between x=24.9 m to x=25.1 m and y=0.20 m to y=0.25 m

Figure C.2: Mesh around the interception system. The white vertical lines are coordinated at x=24.9 m and x=25.1 m. The
horizontal line is situated at y=0.20 m.
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D
Submerged gate study

A one­on­one validation of the horizontal and vertical velocity validation is not possible, as the opening
is 90% of the water depth, whereas submerged gate studies mostly only go as far as 50% in their
studies (Shammaa et al., 2005; Gumus et al., 2016).

A study was performed with similar inlet flow compared to earlier applied physical and computational
model tests on this problem. This setup indicated what differences between the modelled flow velocity
and the actual flow velocity in the horizontal and vertical were encountered.

Figure D.1: Setup reference study, similar to produced results by Finnie and Jeppson (1991).
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E
Supplementary results

E.1. Single­phase flow

E.1.1. Results for low flow

Figure E.1: Development of the horizontal flow velocity profile in the streamwise direction. The lines have been scaled and the
dashed line illustrates the results from the simulation at x=25 m.
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Figure E.2: Flow velocity over the depth and the length for 15 m and 30 m. The flow velocity at the inlet is 0.10 m/s.

Figure E.3: Turbulent kinetic energy over the depth and length for 15 m and 30 m. The flow velocity at the inlet is 0.10 m/s.

Figure E.4: Turbulent energy dissipation for low flow.
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Figure E.5: Turbulent viscosity over the depth and length for 15 m and 30 m. The flow velocity at the inlet is 0.10 m/s.

E.1.2. Results for medium flow

Figure E.6: Development of the horizontal flow velocity profile in the streamwise direction. The lines have been scaled and the
dashed line illustrates the results from the simulation at x=25 m.

Figure E.7: Turbulent viscosity over the depth and the length for 15 m and 30 m. The flow velocity at the inlet is 0.55 m/s.
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Figure E.8: Flow velocity over the depth and the length for 15 m and 30 m. The flow velocity at the inlet is 0.55 m/s.

Figure E.9: Turbulent kinetic energy over the depth and length for 15 m and 30 m. The flow velocity at the inlet is 0.55 m/s.

Figure E.10: Turbulent energy dissipation over the depth and length for 15 m and 30 m. The flow velocity at the inlet is 0.55 m/s.
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E.1.3. Flow parameters high flow

Figure E.11: Flow velocity over the depth and the length for 15 m and 30 m. The flow velocity at the inlet is 0.90 m/s.

Figure E.12: Turbulent kinetic energy over the depth and length for 15 m and 30 m. The flow velocity at the inlet is 0.90 m/s.

Figure E.13: Turbulent energy dissipation over the depth and length for 15 m and 30 m. The flow velocity at the inlet is 0.90 m/s.
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E.2. Rouse numbers simulations

Table E.1: Rouse numbers simulations

Specified particle Diameter [mm] Density [kg/m3] Rise velocity [m/s]
Neutrally buoyant particles 0 0 0
Light particles 61 11 6.7
HDPE spheres (Rouse) 4.45 0.81 0.49
HDPE films 2.85 0.52 0.32
PP spheres (Rouse) 5.57 1.01 0.62
PP films 3.56 0.65 0.40

E.3. Two­phase flow: equilibria HDPE resin

E.3.1. Entrance length

Figure E.14: Turbulent eddy viscosity over length and depth over the domain for low flow conditions. The eddy viscosity is scaled
x10000 for viewing purposes.

Figure E.15: Turbulent eddy viscosity over length and depth over the domain for high flow conditions. The eddy viscosity is
scaled x2000 for viewing purposes.
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E.3.2. Concentration profiles

Figure E.16: Relative HDPE particle concentration over the depth for low flow conditions.

Figure E.17: Relative HDPE particle concentration over the depth for medium flow conditions.
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Figure E.18: Relative HDPE particle concentration over the depth for high flow conditions.

E.4. Two­phase flow: equilibria PP resin

E.4.1. Spin­up time to steady state solution

Figure E.19: Simulation time (0 s < t < 2000 s) to steady simulation for different parameters for low flow conditions.

Figure E.20: Simulation time (0 s < t < 500 s) to steady simulation for different parameters for medium flow conditions.
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Figure E.21: Simulation time (0 s < t < 500 s) to steady simulation for different parameters for high flow conditions.

E.4.2. Turbulent eddy viscosity

Figure E.22: Turbulent eddy viscosity over length and depth over the domain for low flow conditions. The eddy viscosity is scaled
x10000 for viewing purposes.

Figure E.23: Turbulent eddy viscosity over length and depth over the domain for high flow conditions. The eddy viscosity is
scaled x2000 for viewing purposes.
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E.5. Hydrodynamics interception device

E.5.1. Hydrodynamics low flow velocity

Figure E.24: Horizontal velocity for 𝑢𝑥 = 0.10 m/s. The vertical lines plotted mark x=24.5 m to x=25.5 m.

Figure E.25: Horizontal flow velocity over the depth at different locations around the interception device. The dotted line in the
upper right figure indicates the draft of the interception device. The vertical line in the lower left figure indicates 𝑢𝑥 =0 m/s.
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Figure E.26: Turbulent eddy viscosity over the depth at different locations around the interception device.

Figure E.27: The vertical velocity for 𝑢𝑥 = 0.10 m/s. The vertical lines plotted mark x=24.5 m to x=25.5 m. The dotted line in the
upper right figure indicates the draft of the interception device. This line is also indicated to illustrate the impact of the device for
the flow in front of the device in the upper left figure. The vertical line in the lower left figure indicates 𝑢𝑦 =0 m/s.
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Figure E.28: Vertical flow velocity profile over the depth at different locations around the interception device for low flow.

E.5.2. Hydrodynamics high flow velocity

Figure E.29: The horizontal velocity for 𝑢𝑥 = 0.90 m/s. The vertical lines plotted mark x=24.5 m to x=25.5 m.



E.5. Hydrodynamics interception device 98

Figure E.30: Horizontal flow velocity over the depth at different locations around the interception device. The dotted line in the
upper right figure indicates the draft of the interception device. The vertical line in the lower left figure indicates 𝑢𝑥 =0 m/s.

Figure E.31: Turbulent eddy viscosity over the depth at different locations around the interception device.
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Figure E.32: The vertical velocity for 𝑢𝑥 = 0.90 m/s. The vertical lines plotted mark x=24.5 m to x=25.5 m.

Figure E.33: Vertical flow velocity profile over the depth at different locations around the interception device for high flow. The
dotted line in the upper right figure indicates the draft of the interception device. This line is also indicated to illustrate the impact
of the device for the flow in front of the device in the upper left figure. The vertical line in the lower left figure indicates 𝑢𝑦 =0 m/s.
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E.6. Interception of particles

E.6.1. Light particles

(a) Model results. (b) Relative concentration over the depth.

Figure E.34: The concentration of the plastic material with profiles taken between x=23.2 m and x=25.2 m for high flow conditions.

E.6.2. Neutrally buoyant particles

(a) Model results. (b) Relative concentration over the depth.

Figure E.35: The concentration of the plastic material with profiles taken between x=23.2 m and x=25.2 m for low flow conditions.

(a) Model results. (b) Relative concentration over the depth.

Figure E.36: The concentration of the plastic material with profiles taken between x=23.2 m and x=25.2 m for high flow conditions.

E.6.3. HDPE films

E.6.4. PP films
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Code applied

F.1. File structure of OpenFOAM

Figure F.1: Typical file structure in OpenFOAM. From Chang et al. (2016)

F.2. Shell file: file to run simulation

#PBS !/bin/bash
#PBS ­l nodes=1:ppn=20

101
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#PBS ­q guest
#PBS­N OF_MP_HIGH_hdpe_c01
#PBS ­m bea

# set environment variables for OpenFOAM
source ~/../../opt/ud/OpenFOAM­v2006/OpenFOAM­v2006/etc/bashrc

#change to current directory

cd ~/multiphase/HDPE/high/c01

ulimit ­s unlimited

# start of command list, where <NPROC> will be changed to no. of cores

cp ­r 0.orig 0 #copy initial conditions

blockMesh #builds mesh

setFields #applies initial conditions to field

decomposePar #decomposes simulation into slices

#Run simulation: 20 nodes defined, logs the simulation into txt file
mpirun ­np 20 reactingTwoPhaseEulerFoam ­parallel > log.twophase

reconstructPar

rm ­rf ./processor* #removes folders with partitions

#Create FOAM file for ParaView Post­processing
touch results.foam

# end of command list

// * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * //

F.3. Initial conditions
These files are listed in an 0.orig folder and copied to a 0 folder in the command file.

The single­phase applications used the following files:

• U.water

• k.water

• epsilon.water

• nut.water

• p

The “.water” file extension was removed for the application in the simpleFoam model. The “walls”
initial and boundary conditions were added when the interception system was added in the mesh, with
the boundaries as given as in Tab. 3.4.
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F.3.1. alpha.plastic

/*­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­*­ C++ ­*­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­*\
| ========= | |
| \\ / F ield | OpenFOAM: The Open Source CFD Toolbox |
| \\ / O peration | Version: v2006 |
| \\ / A nd | Website: www.openfoam.com |
| \\/ M anipulation | |
\*­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­*/
FoamFile
{

version 2.0;
format ascii;
class volScalarField;
location ”0”;
object alpha.plastic;

}
// * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * //

dimensions [0 0 0 0 0 0 0];

internalField uniform 0.01;

boundaryField
{

inlet
{

type fixedValue;
value uniform 0.01;

}
outlet
{

type inletOutlet;
inletValue uniform 0;
value uniform 0;

}
bottom
{

type zeroGradient;
}
surface
{

type zeroGradient;
}
frontAndBackPlanes
{

type empty;
}

}

// ************************************************************************* //
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F.3.2. alpha.water

/*­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­*­ C++ ­*­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­*\
| ========= | |
| \\ / F ield | OpenFOAM: The Open Source CFD Toolbox |
| \\ / O peration | Version: v2006 |
| \\ / A nd | Website: www.openfoam.com |
| \\/ M anipulation | |
\*­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­*/
FoamFile
{

version 2.0;
format ascii;
class volScalarField;
location ”0”;
object alpha.water;

}
// * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * //

dimensions [0 0 0 0 0 0 0];

internalField uniform 0.99;

boundaryField
{

inlet
{

type fixedValue;
value uniform 0.99;

}
outlet
{

type inletOutlet;
inletValue uniform 0;
value uniform 0;

}
bottom
{

type zeroGradient;
}
surface
{

type zeroGradient;
}
frontAndBackPlanes
{

type empty;
}

}

// ************************************************************************* //
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F.3.3. alphat.water

/*­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­*­ C++ ­*­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­*\
| ========= | |
| \\ / F ield | OpenFOAM: The Open Source CFD Toolbox |
| \\ / O peration | Version: v2006 |
| \\ / A nd | Website: www.openfoam.com |
| \\/ M anipulation | |
\*­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­*/
FoamFile
{

version 2.0;
format ascii;
class volScalarField;
object alphat.water;

}
// * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * //

dimensions [1 ­1 ­1 0 0 0 0];

internalField uniform 0;

boundaryField
{

inlet
{

type calculated;
value $internalField;

}

outlet
{

type calculated;
value $internalField;

}

bottom
{

type compressible::alphatWallFunction;
Prt 0.85;
value $internalField;

}

surface
{

type compressible::alphatWallFunction;
Prt 0.85;
value $internalField;

}

defaultFaces
{

type empty;
}

}

// ************************************************************************* //
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F.3.4. alphat.plastic

/*­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­*­ C++ ­*­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­*\
| ========= | |
| \\ / F ield | OpenFOAM: The Open Source CFD Toolbox |
| \\ / O peration | Version: v2006 |
| \\ / A nd | Website: www.openfoam.com |
| \\/ M anipulation | |
\*­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­*/
FoamFile
{

version 2.0;
format ascii;
class volScalarField;
object alphat.plastic;

}
// * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * //

dimensions [1 ­1 ­1 0 0 0 0];

internalField uniform 0;

boundaryField
{

inlet
{

type calculated;
value $internalField;

}

outlet
{

type calculated;
value $internalField;

}

surface
{

type calculated;
value $internalField;

}

bottom
{

type calculated;
value $internalField;

}

defaultFaces
{

type empty;
}

}

// ************************************************************************* //
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F.3.5. epsilon.water

/*­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­*­ C++ ­*­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­*\
| ========= | |
| \\ / F ield | OpenFOAM: The Open Source CFD Toolbox |
| \\ / O peration | Version: v2006 |
| \\ / A nd | Website: www.openfoam.com |
| \\/ M anipulation | |
\*­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­*/
FoamFile
{

version 2.0;
format ascii;
class volScalarField;
object epsilon.water;

}
// * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * //

dimensions [0 2 ­3 0 0 0 0];

internalField uniform 1.25750074e­02;

boundaryField
{

inlet
{

type turbulentMixingLengthDissipationRateInlet;
mixingLength 0.0175;
value uniform 200;

k k.water; #remove line for single­phase model
}

outlet
{

type zeroGradient;
}

bottom
{

type epsilonWallFunction;
value $internalField;

}

surface
{

type epsilonWallFunction;
value $internalField;

}

defaultFaces
{

type empty;
}

}

// ************************************************************************* //
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F.3.6. k.water

/*­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­*­ C++ ­*­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­*\
| ========= | |
| \\ / F ield | OpenFOAM: The Open Source CFD Toolbox |
| \\ / O peration | Version: v2006 |
| \\ / A nd | Website: www.openfoam.com |
| \\/ M anipulation | |
\*­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­*/
FoamFile
{

version 2.0;
format ascii;
class volScalarField;
object k.water;

}
// * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * //

dimensions [0 2 ­2 0 0 0 0];

internalField uniform 0.01215;

boundaryField
{

inlet
{
type turbulentIntensityKineticEnergyInlet;

intensity 0.10; // 10% turbulence intensity
value uniform 1; // placeholder

U U.water; #remove line for single­phase model
}

outlet
{

type zeroGradient;
}

bottom
{

type kqRWallFunction;
value $internalField;

}

surface
{

type kqRWallFunction;
value $internalField;

}

defaultFaces
{

type empty;
}

}

// ************************************************************************* //
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F.3.7. nut.water

/*­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­*­ C++ ­*­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­*\
| ========= | |
| \\ / F ield | OpenFOAM: The Open Source CFD Toolbox |
| \\ / O peration | Version: v2006 |
| \\ / A nd | Website: www.openfoam.com |
| \\/ M anipulation | |
\*­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­*/
FoamFile
{

version 2.0;
format ascii;
class volScalarField;
object nut.water;

}
// * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * //

dimensions [0 2 ­1 0 0 0 0];

internalField uniform 0;

boundaryField
{

inlet
{

type calculated;
value $internalField;

}

outlet
{

type calculated;
value $internalField;

}

bottom
{

type nutkRoughWallFunction;
Ks uniform 0.004576;
Cs uniform 0.5;
value $internalField;

}

surface
{

type nutkWallFunction;
value $internalField;

}

defaultFaces
{

type empty;
}

}

// ************************************************************************* //
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F.3.8. nut.plastic

/*­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­*­ C++ ­*­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­*\
| ========= | |
| \\ / F ield | OpenFOAM: The Open Source CFD Toolbox |
| \\ / O peration | Version: v2006 |
| \\ / A nd | Website: www.openfoam.com |
| \\/ M anipulation | |
\*­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­*/
FoamFile
{

version 2.0;
format ascii;
class volScalarField;
object nut.plastic;

}
// * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * //

dimensions [0 2 ­1 0 0 0 0];

internalField uniform 0;

boundaryField
{

inlet
{

type calculated;
value $internalField;

}

outlet
{

type calculated;
value $internalField;

}

surface
{

type nutkWallFunction;
value $internalField;

}

bottom
{

type nutkRoughWallFunction;
Ks uniform 0.004576;
Cs uniform 0.5;
value $internalField;

}

defaultFaces
{

type empty;
}

}

// * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * //
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F.3.9. p

/*­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­*­ C++ ­*­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­*\
| ========= | |
| \\ / F ield | OpenFOAM: The Open Source CFD Toolbox |
| \\ / O peration | Version: v2006 |
| \\ / A nd | Website: www.openfoam.com |
| \\/ M anipulation | |
\*­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­*/
FoamFile
{

version 2.0;
format ascii;
class volScalarField;
object p;

}
// * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * //

dimensions [1 ­1 ­2 0 0 0 0];

internalField uniform 1e5;

boundaryField
{

inlet
{

type calculated;
value $internalField;

}

outlet
{

type calculated;
value $internalField;

}

surface
{

type calculated;
value $internalField;

}

bottom
{

type calculated;
value $internalField;

}

frontAndBackPlanes
{

type empty;
}

}

// * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * //
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F.3.10. p_rgh

/*­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­*­ C++ ­*­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­*\
| ========= | |
| \\ / F ield | OpenFOAM: The Open Source CFD Toolbox |
| \\ / O peration | Version: v2006 |
| \\ / A nd | Website: www.openfoam.com |
| \\/ M anipulation | |
\*­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­*/
FoamFile
{

version 2.0;
format ascii;
class volScalarField;
object p_rgh;

}
// * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * //

dimensions [1 ­1 ­2 0 0 0 0];

internalField uniform 1e5;

boundaryField
{

inlet
{

type fixedFluxPressure;
value $internalField;

}

outlet
{

type prghTotalPressure;
p0 uniform 1.0e5;
value uniform 1.0e5;
U U.water;

}

surface
{

type fixedFluxPressure;
value $internalField;

}

bottom
{

type fixedFluxPressure;
value $internalField;

}

frontAndBackPlanes
{

type empty;
}

}
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// * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * //

F.3.11. T.water

/*­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­*­ C++ ­*­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­*\
| ========= | |
| \\ / F ield | OpenFOAM: The Open Source CFD Toolbox |
| \\ / O peration | Version: v2006 |
| \\ / A nd | Website: www.openfoam.com |
| \\/ M anipulation | |
\*­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­*/
FoamFile
{

version 2.0;
format ascii;
class volScalarField;
object T.water;

}
// * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * //

dimensions [0 0 0 1 0 0 0];

internalField uniform 300;

boundaryField
{

inlet
{

type fixedValue;
value uniform 300;

}

outlet
{

type zeroGradient;
phi phi.water;
inletValue uniform 300;
value uniform 300;

}

bottom
{

type zeroGradient;
}

surface
{

type zeroGradient;
}

defaultFaces
{

type empty;
}

}
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// * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * //

F.3.12. T.plastic

/*­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­*­ C++ ­*­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­*\
| ========= | |
| \\ / F ield | OpenFOAM: The Open Source CFD Toolbox |
| \\ / O peration | Version: v2006 |
| \\ / A nd | Website: www.openfoam.com |
| \\/ M anipulation | |
\*­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­*/
FoamFile
{

version 2.0;
format ascii;
class volScalarField;
object T.plastic;

}
// * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * //

dimensions [0 0 0 1 0 0 0];

internalField uniform 300;

boundaryField
{

inlet
{

type zeroGradient;
}

outlet
{

type zeroGradient;
phi phi.plastic;
inletValue uniform 300;
value uniform 300;

}

surface
{

type zeroGradient;
}

bottom
{

type zeroGradient;
}

defaultFaces
{

type empty;
}

}
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// * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * //

F.3.13. Theta.plastic

/*­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­*­ C++ ­*­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­*\
| ========= | |
| \\ / F ield | OpenFOAM: The Open Source CFD Toolbox |
| \\ / O peration | Version: v2006 |
| \\ / A nd | Website: www.openfoam.com |
| \\/ M anipulation | |
\*­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­*/
FoamFile
{

version 2.0;
format ascii;
class volScalarField;
object Theta.plastic;

}
// * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * //

dimensions [0 2 ­2 0 0 0 0];

internalField uniform 0;

referenceLevel 1e­4;

boundaryField
{

inlet
{

type fixedValue;
value uniform 1e­4;

}

outlet
{

type zeroGradient;
}

surface
{

type zeroGradient;
}

bottom
{

type zeroGradient;
}

defaultFaces
{

type empty;
}

}

// ************************************************************************* //
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F.3.14. U.water

/*­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­*­ C++ ­*­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­*\
| ========= | |
| \\ / F ield | OpenFOAM: The Open Source CFD Toolbox |
| \\ / O peration | Version: v2006 |
| \\ / A nd | Website: www.openfoam.com |
| \\/ M anipulation | |
\*­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­*/
FoamFile
{

version 2.0;
format ascii;
class volVectorField;
object U.water;

}
// * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * //

dimensions [0 1 ­1 0 0 0 0];

internalField uniform (0 0 0);

boundaryField
{

inlet
{

type fixedValue;
value uniform (0.9 0 0);

}

outlet
{

type pressureInletOutletVelocity;
phi phi.water;
inletValue uniform (0 0 0);
value uniform (0 0 0 );

}

surface
{

type slip;
}

bottom
{

type noSlip;
}

defaultFaces
{

type empty;
}

}
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// ************************************************************************* //

F.3.15. U.plastic

/*­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­*­ C++ ­*­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­*\
| ========= | |
| \\ / F ield | OpenFOAM: The Open Source CFD Toolbox |
| \\ / O peration | Version: v2006 |
| \\ / A nd | Website: www.openfoam.com |
| \\/ M anipulation | |
\*­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­*/
FoamFile
{

version 2.0;
format ascii;
class volVectorField;
object U.plastic;

}
// * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * //

dimensions [0 1 ­1 0 0 0 0];

internalField uniform (0.0 0 0);

boundaryField
{

inlet
{

type fixedValue;
value uniform (0.9 0 0);

}

outlet
{

type pressureInletOutletVelocity;
inletValue uniform (0 0 0);

value uniform (0 0 0);
}

surface
{

type slip;
}

bottom
{

type noSlip;
}

defaultFaces
{

type empty;
}

}
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// ************************************************************************* //

F.4. Constants

F.4.1. g

/*­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­*­ C++ ­*­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­*\
| ========= | |
| \\ / F ield | OpenFOAM: The Open Source CFD Toolbox |
| \\ / O peration | Version: v2006 |
| \\ / A nd | Website: www.openfoam.com |
| \\/ M anipulation | |
\*­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­*/
FoamFile
{

version 2.0;
format ascii;
class uniformDimensionedVectorField;
location ”constant”;
object g;

}
// * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * //

dimensions [0 1 ­2 0 0 0 0];
value (0 ­9.8 0);

// ************************************************************************* //

F.4.2. hRef

F.4.3. phaseProperties

F.4.4. thermophysicalProperties.plastic

/*­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­*­ C++ ­*­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­*\
| ========= | |
| \\ / F ield | OpenFOAM: The Open Source CFD Toolbox |
| \\ / O peration | Version: v2006 |
| \\ / A nd | Website: www.openfoam.com |
| \\/ M anipulation | |
\*­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­*/
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FoamFile
{

version 2.0;
format ascii;
class dictionary;
location ”constant”;
object thermophysicalProperties.plastic;

}
// * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * //

thermoType
{

type heRhoThermo;
mixture pureMixture;
transport const;
thermo hConst;
equationOfState rhoConst; // rhoconst = incompressible , perfectfluid = nno density
specie specie;
energy sensibleInternalEnergy;

}

mixture
{

specie
{

molWeight 100;
}
equationOfState
{

rho 970;

}
thermodynamics
{

Cp 50000;
Hf 0;

}
transport
{

mu 0.01;
Pr 1;

}
}

// ************************************************************************* //

F.4.5. thermophysicalProperties.water

/*­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­*­ C++ ­*­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­*\
| ========= | |
| \\ / F ield | OpenFOAM: The Open Source CFD Toolbox |
| \\ / O peration | Version: v2006 |
| \\ / A nd | Website: www.openfoam.com |
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| \\/ M anipulation | |
\*­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­*/
FoamFile
{

version 2.0;
format ascii;
class dictionary;
location ”constant”;
object thermophysicalProperties.water;

}
// * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * //

thermoType
{

type heRhoThermo;
mixture pureMixture;
transport const;
thermo hConst;
equationOfState rhoConst; // rhoconst = incompressible , perfectfluid = nno density
specie specie;
energy sensibleEnthalpy;

}

mixture
{

specie
{

molWeight 100;
}

equationOfState
{

rho 1000;

}

thermodynamics
{

Cp 6000;
Hf 0;

}
transport
{

mu 1.00e­3;
Pr 2.289;

}
}

// ************************************************************************* //

F.4.6. turbulenceProperties.water

/*­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­*­ C++ ­*­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­*\
| ========= | |
| \\ / F ield | OpenFOAM: The Open Source CFD Toolbox |
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| \\ / O peration | Version: v2006 |
| \\ / A nd | Website: www.openfoam.com |
| \\/ M anipulation | |
\*­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­*/
FoamFile
{

version 2.0;
format ascii;
class dictionary;
location ”constant”;
object turbulenceProperties.water;

}
// * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * //

simulationType RAS;

RAS
{

RASModel kEpsilon;

turbulence on;
printCoeffs on;

}

// ************************************************************************* //

F.4.7. turbulenceProperties.plastic

/*­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­*­ C++ ­*­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­*\
| ========= | |
| \\ / F ield | OpenFOAM: The Open Source CFD Toolbox |
| \\ / O peration | Version: v2006 |
| \\ / A nd | Website: www.openfoam.com |
| \\/ M anipulation | |
\*­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­*/
FoamFile
{

version 2.0;
format ascii;
class dictionary;
location ”constant”;
object turbulenceProperties.particles;

}
// * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * //

simulationType RAS;

RAS
{
RASModel kineticTheory;

turbulence on;
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printCoeffs on;

kineticTheoryCoeffs
{

equilibrium off;

e 0.8;
alphaMax 0.99;
alphaMinFriction 0.5;
residualAlpha 1e­4;

viscosityModel Gidaspow;
conductivityModel Gidaspow;
granularPressureModel Lun;
frictionalStressModel JohnsonJackson;
radialModel SinclairJackson;

JohnsonJacksonCoeffs
{

Fr 0.05;
eta 2;
p 5;
phi 28.5;
alphaDeltaMin 0.05;

}
}

phasePressureCoeffs
{

preAlphaExp 500;
expMax 1000;
alphaMax 0.99;
g0 1000;

}
}

// ************************************************************************* //

F.5. System files

F.5.1. controlDict

/*­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­*­ C++ ­*­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­*\
| ========= | |
| \\ / F ield | OpenFOAM: The Open Source CFD Toolbox |
| \\ / O peration | Version: v2006 |
| \\ / A nd | Website: www.openfoam.com |
| \\/ M anipulation | |
\*­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­*/
FoamFile
{

version 2.0;
format ascii;
class dictionary;
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location ”system”;
object controlDict;

}
// * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * //

application reactingTwoPhaseEulerFoam;

startFrom latestTime;

startTime 0;

stopAt endTime;

endTime 500;

deltaT 0.05;

writeControl runTime;

writeInterval 50;

purgeWrite 0;

writeFormat ascii;

writePrecision 6;

writeCompression off;

timeFormat general;

timePrecision 6;

runTimeModifiable yes;

adjustTimeStep yes;

maxCo 0.99;

maxAlphaCo 0.99;

// maxDeltaT 1e­05;

yPlus
{

type yPlus;
libs (fieldFunctionObjects);
writeControl writeTime;

}
functions {
probes

{
type probes;

// Where to load it from
libs (”libsampling.so”);

// Write at same frequency as fields
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writeControl timeStep;
writeInterval 50;

// Fields to be probed

fields (p nut.water U.water alpha.plastic);

probeLocations
(

( 15.0 0.125 0 ) // halfway x=15 m

( 20.0 0.125 0 ) // halfway x=20 m

( 25.0 0.125 0 ) // halfway x=25 m

( 15.0 0.250 0 ) // near­surface x =15 m
( 20.0 0.250 0 ) // near­surface x =20 m

( 22.0 0.250 0 ) // near­surface x =22 m

( 25.0 0.250 0 ) // near­surface x =25 m
);

}

}

// ************************************************************************* //

F.5.2. blockMeshDict for mesh without interception system

/*­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­*­ C++ ­*­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­*\
| ========= | |
| \\ / F ield | OpenFOAM: The Open Source CFD Toolbox |
| \\ / O peration | Version: v2006 |
| \\ / A nd | Website: www.openfoam.com |
| \\/ M anipulation | |
\*­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­*/
FoamFile
{

version 2.0;
format ascii;
class dictionary;
object blockMeshDict;

}
// * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * //

scale 1;

vertices
(

(0 0 ­0.1)
(30 0 ­0.1)
(30 0.25 ­0.1)
(0 0.25 ­0.1)
(0 0 0.1)



F.5. System files 125

(30 0 0.1)
(30 0.25 0.1)
(0 0.25 0.1)

);

blocks
(

hex (0 1 2 3 4 5 6 7) (600 40 1) simpleGrading (1 1 1)
);

edges
(
);

patches
(

patch inlet
(

(0 4 7 3)
)
patch outlet
(

(2 6 5 1)
)

wall bottom
(

(1 5 4 0)
)

wall surface
(

(3 7 6 2)
)

empty frontAndBackPlanes
(

(0 3 2 1)
(4 5 6 7)

)
);

mergePatchPairs
(
);

// ************************************************************************* //

F.5.3. blockMeshDict for mesh with interception system

/*­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­*­ C++ ­*­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­*\
| ========= | |
| \\ / F ield | OpenFOAM: The Open Source CFD Toolbox |
| \\ / O peration | Version: v2006 |
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| \\ / A nd | Website: www.openfoam.com |
| \\/ M anipulation | |
\*­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­*/
FoamFile
{

version 2.0;
format ascii;
class dictionary;
object blockMeshDict;

}
// * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * //

scale 1;

vertices
(

(0 0 0) // 0
(25 0 0) // 1
(25.025 0 0) // 2
(30 0 0) // 3
(0 0.225 0) // 4
(25 0.225 0) // 5
(25.025 0.225 0) // 6
(30 0.225 0) // 7
(0 0.25 0) // 8
(25 0.25 0) // 9
(25.025 0.25 0) // 10
(30 0.25 0) // 11

(0 0 0.1) // 12
(25 0 0.1) // 13
(25.025 0 0.1) // 14
(30 0 0.1) // 15
(0 0.225 0.1) // 16
(25 0.225 0.1) // 17
(25.025 0.225 0.1) // 18
(30 0.225 0.1) // 19
(0 0.25 0.1) // 20
(25 0.25 0.1) // 21
(25.025 0.25 0.1) // 22
(30 0.25 0.1) // 23

);

blocks
(
hex (0 1 5 4 12 13 17 16) (400 30 1) simpleGrading (0.05 1 1) //lower left
hex (2 3 7 6 14 15 19 18) (200 30 1) simpleGrading (10 1 1) //lower right
hex (4 5 9 8 16 17 21 20) (400 10 1) simpleGrading (0.05 1 1) //top left
hex (1 2 6 5 13 14 18 17) (4 30 1) simpleGrading (1 1 1) //under the system
hex (6 7 11 10 18 19 23 22) (200 10 1) simpleGrading (10 1 1) //top right
);

edges
(
);

boundary
(

inlet
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{
type wall;
faces
(

(0 12 16 4)
(4 16 20 8)

);
}
outlet
{

type wall;
faces
(

(7 19 15 3)
(11 23 19 7)

);
}
bottom
{

type wall;
faces
(

(0 1 13 12)
(1 2 14 13)

(2 3 15 14)
);

}
surface
{

type wall;
faces
(

(8 20 21 9)
(5 9 21 17)

(5 6 18 17)
(6 18 22 10)

(10 22 23 11)
);

}
);

mergePatchPairs
(
);

// ************************************************************************* //

F.5.4. decomposeParDict

/*­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­*­ C++ ­*­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­*\
| ========= | |
| \\ / F ield | OpenFOAM: The Open Source CFD Toolbox |
| \\ / O peration | Version: 1.5 |
| \\ / A nd | Web: http://www.OpenFOAM.org |
| \\/ M anipulation | |
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\*­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­*/
FoamFile
{

version 2.0;
format ascii;
class dictionary;
object decomposeParDict;

}
// * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * //

numberOfSubdomains 20;

method simple;

simpleCoeffs
{

n (1 20 1); #20 slices over y
delta 0.001;

}

hierarchicalCoeffs
{

n (1 1 1);
delta 0.001;
order xyz;

}

distributed no;

roots
(
);

// ************************************************************************* //

F.5.5. fvSchemes

/*­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­*­ C++ ­*­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­*\
| ========= | |
| \\ / F ield | OpenFOAM: The Open Source CFD Toolbox |
| \\ / O peration | Version: v2006 |
| \\ / A nd | Website: www.openfoam.com |
| \\/ M anipulation | |
\*­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­*/
FoamFile
{

version 2.0;
format ascii;
class dictionary;
location ”system”;
object fvSchemes;

}
// * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * //
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ddtSchemes
{

default Euler;
}

gradSchemes
{

default Gauss linear;
}

divSchemes
{

default none;

”div\(phi,alpha.*\)” Gauss upwind;
”div\(phir,alpha.*\)” Gauss upwind;

”div\(alphaRhoPhi.*,U.*\)” Gauss limitedLinearV 1;
”div\(phi.*,U.*\)” Gauss limitedLinearV 1;

”div\(alphaRhoPhi.*,(h|e).*\)” Gauss limitedLinear 1;
”div\(alphaRhoPhi.*,K.*\)” Gauss limitedLinear 1;
”div\(alphaPhi.*,p\)” Gauss limitedLinear 1;

div(alphaRhoPhi.plastic,Theta.plastic) Gauss limitedLinear 1;

”div\(alphaRhoPhi.*,(k|epsilon).*\)” Gauss limitedLinear 1;

div((((alpha.water*thermo:rho.water)*nuEff.water)*dev2(T(grad(U.water)))))

Gauss linear;

div((((alpha.plastic*thermo:rho.plastic)*nuEff.plastic)*dev2(T(grad(U.plastic)))))

Gauss linear;

div((((thermo:rho.plastic*nut.plastic)*dev2(T(grad(U.plastic))))+(((thermo:rho.plastic*lambda.plastic)*div(phi.plastic))*I)))
Gauss linear;

div(phim,epsilonm) Gauss linear;
div(phim,km) Gauss linear;

}

laplacianSchemes
{

default Gauss linear corrected;
bounded Gauss linear corrected;

}

interpolationSchemes
{

default linear;
interpolate(U.water) linear;
interpolate(U.plastic) linear;

}

snGradSchemes
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{
default corrected;
bounded corrected;

}

wallDist
{

method meshWave;
}

// ************************************************************************* //

F.5.6. fvSolution

/*­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­*­ C++ ­*­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­*\
| ========= | |
| \\ / F ield | OpenFOAM: The Open Source CFD Toolbox |
| \\ / O peration | Version: v2006 |
| \\ / A nd | Website: www.openfoam.com |
| \\/ M anipulation | |
\*­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­*/
FoamFile
{

version 2.0;
format ascii;
class dictionary;
location ”system”;
object fvSolution;

}
// * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * //

solvers
{

”alpha.*”
{

nAlphaCorr 1;
nAlphaSubCycles 2;
implicitPhasePressure yes;

solver smoothSolver;
smoother symGaussSeidel;
tolerance 1e­9;
relTol 0.001;
minIter 1;

}

p_rgh
{

solver GAMG;
smoother DIC;
tolerance 1e­8;
relTol 0.01;

}
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p_rghFinal
{

$p;
tolerance 1e­06;
relTol 0;

solver smoothSolver;
smoother symGaussSeidel;

}

alpha.plasticFinal
{

$alpha.plastic;
tolerance 1e­04;
relTol 0;

solver smoothSolver;
smoother symGaussSeidel;

}

”U.*”
{

solver smoothSolver;
smoother symGaussSeidel;
tolerance 1e­5;
relTol 0;
minIter 1;

}

”(h|e).*”
{

solver smoothSolver;
smoother symGaussSeidel;
tolerance 1e­6;
relTol 0;
minIter 1;

}

”Theta.*”
{

solver smoothSolver;
smoother symGaussSeidel;
tolerance 1e­6;
relTol 0;
minIter 1;

}

”(k|epsilon).*”
{

solver smoothSolver;
smoother symGaussSeidel;
tolerance 1e­5;
relTol 0;
minIter 1;

}
}

PIMPLE
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{
nOuterCorrectors 3;
nCorrectors 1;
nNonOrthogonalCorrectors 0;
faceMomentum yes;

residualControl
{

”(U.water|k.water|epsilon.water)”
{

relTol 0;
tolerance 1e­4;

}
}
}

relaxationFactors
{

equations
{

”U.*” 0.7;
”k.*” 0.3;
”epsilon.*” 0.3;

”.*” 1;
}

}

// ************************************************************************* //

F.5.7. setFieldsdict

/*­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­*­ C++ ­*­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­*\
| ========= | |
| \\ / F ield | OpenFOAM: The Open Source CFD Toolbox |
| \\ / O peration | Version: v2006 |
| \\ / A nd | Website: www.openfoam.com |
| \\/ M anipulation | |
\*­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­*/
FoamFile
{

version 2.0;
format ascii;
class dictionary;
location ”system”;
object setFieldsDict;

}
// * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * //

defaultFieldValues
(
);

regions
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(
boxToCell
{

box (0 0 ­0.1) (30 0.25 0.1);
fieldValues
(

volScalarFieldValue alpha.water 0.99
volScalarFieldValue alpha.plastic 0.01

);
}

);

// ************************************************************************* //
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