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Abstract

The present work focused to find optimal time steps and model setup for the CFD

simulation of sedimentation of small particles and performed analysis on real lamella

geometry to observe effectiveness for different factors, like inclination angles and ve-

locity magnitudes.

The work of this thesis has been conducted by CFD analysis in ANSYS Fluent software.

The preliminary analyses ran with the Euler-Granular and DDPM-KTGF models. The

obtained data have been compared for various time steps and their error rates (%) to

reduce the analysis time by calculating the grid convergence index. The similarity

analysis has been done and compared with real-sized particles experiment data so that

bigger-sized particles could be used to decrease computational requirements. The ef-

fect of different inclination angles and velocity magnitudes for laminar and turbulent

regimes on the lamella geometry was observed for bigger-sized particles. The sedimen-

tation effectiveness of the lamella geometry according to ratio of particles leaving the

outlet was evaluated. The critical velocities have been calculated for specific effective-

ness 99 (%) .

The study can be improved by widening the number of analyses to find the optimum

inclination angle and velocity for the desired design of a lamella clarifier. The lamella

clarifier process can be faster by using a two-step lamella clarifier. The first clarifier

tank can have a higher velocity magnitude to reduce the number of particles faster

during the first step and the second clarifier tank can have the optimal velocity to

obtain higher effectiveness for the device.
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Chapter 1

Introduction

Water treatment is a process that improves the water’s quality to make it cleaner and

more appropriate for end-use. This process can be used to obtain drinking water, ir-

rigation, industrial water supply, river flow maintenance, water recreation, or different

type of usage, including safe return to the environment. Water treatment aims to

remove contaminants, undesirable components, and impurities or reduces their con-

centration to make the water suitable for the aimed end-use. Water treatment has a

critical importance for human health. Also, allows them to use water for both drinking

and watering the fields and sedimentation is one of the most important processes for

water treatment [1].

Sediment is the silt, clay, loose sand, and other soil particles that settle at the bottom

of a body of water over time. They can have different size ranges such as peddle

structure, granular structure, etc. Sedimentation is defined as the separation process

between solids and liquid volume. During the process, solids are separated from the

liquid by settling down. Solids settle down at the bottom of a surface. For the water

treatment, it is called a sedimentation tank. At this process, heavier impurities present

in the liquid settle down at the bottom of the sedimentation tank due to its weight.

The types of sedimentation tanks can be seen down below in Figure 1.1, 1.2, 1.3 [2].

Figure 1.1: Rectangular horizontal flow tank[2]

1
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Figure 1.2: Circular, radial-flow tank[2]

Figure 1.3: Hopper-bottomed, upward flow tank[2]

This process is called sedimentation and it takes some amount of time depending on

the fluid’s velocity or particle’s size [3]. During this process, there is a limitation called

terminal velocity for settling spherical particles. Terminal velocity is the maximum

speed of an object that can reach during it falls through a fluid. The terminal velocity

can be derived from the balances of several forces that affect those particles during the

settling as seen in Figure 1.4[4].

Figure 1.4: Processes of Erosion, Transport and Sedimentation [4]
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Figure 1.5: Forces acting on particles/moodle hydromechanical pro[5]

G− Fv − Fs − F = 0 (1.1)

Gravitation force (G [N]) can be expressed as:

G = V ρsg (1.2)

V : Volume of particle [m3]

ρs: Density of particle [kg/m3]

g: Gravitational force [m/s2]

Buoyant force (Fv[N ]) can be expressed as:

Fv = V ρfg (1.3)

V : Volume of particle [m3]

ρf : Density of fluid [kg/m3]

g: Gravitational force [m/s2]

Inertial force due to acceleration (Fs[N ]) can be expressed as:

Fs = V ρs
dut
dt

(1.4)

V : Volume of particle [m3]

ρs: Density of particle [kg/m3]

Drag Force (F [N]) can be expressed as:

F = CDtSp
u2
t

2
ρf (1.5)
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CDt: Drag coefficient

Sp : Surface of particle [m2]

ut : Settling velocity [m/s]

ρf : Density of fluid [kg/m3]

1.1 Multiphase Regime

Multiphase flow widely exists in many natural and industrial processes. It indicates the

process where at least two states of materials flowing in a mixture at the same time.

Multiphase flows can be divided into several categories including gas-liquid, gas-solid,

liquid-solid, and so on according to the states of matter.

We can find the application of multiphase flows from a lot of industrial processes like

power generation, process systems, and environment control. Facilities like steam gen-

erators, cooling towers, and steam turbines usually contain gas-liquid flows, a process

like pneumatic conveying usually contains gas-solid flow, while hydro transport systems

and water treatment processes usually contain the liquid-solid flow[6].

(a) (b)

Figure 1.6: Distillation Columns (Left) & Steam Turbine (Right)[7]

In this research, we focus on the process of sedimentation for water treatment, which

is mainly a liquid-solid flow.

To study the multiphase flows, the basic and essential method is to establish a multi-

phase flow model and find the basic equations, by which we can analyse the pressure,

velocity, temperature, apparent density, volume fraction, size, and distribution of sus-

pended solids of each phase; and study the stability and criticality of multiphase flow

state. The general methods accepted by the modern industry are a two-fluid model, ho-

mogeneous model, and statistical group model. Two- fluid model is used for situations
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where the two-phase ratios are equivalent, the mathematical and physical equations

of the single phases are established respectively, which considers the physical factors

such as the resistance, relative displacement, momentum, mass, and heat exchange

(transfer) between the phases. A homogeneous model is used for the two-phase mixed

uniform flow, it can be generalized into a homogeneous (continuous medium) model

and a diffusion model, and the classical hydraulics method is used for analysis. Statisti-

cal group model is mainly used for the two-phase flow of a group of particles (bubbles,

droplets, and solid particles collectively referred to as particles), a statistical group

(particle group) model is established by using random analysis.

Figure 1.7: Sewage Treatment Plant[8]

The core way of studying multiphase flow is to do the experimental measure of the

physical model. For physical models, measurement technology is very important. Many

new instruments and technologies have been applied in multiphase flow testing. For

example high-speed photography, holography, flow display technology for observing

flow patterns; laser flow meter (LDV), particle image velocimetry (PIV) for measuring

speed; fiber optic sensor for detecting bubble concentration in liquid flow, the backprop-

agation(BP) neural network system for measuring the concentration of solid particles

in the airflow; and the radioisotope method for measuring the average concentration

of the section.

Even the physical model provides the most reliable experiment and results for practi-

cal use, the complexity of the experiment and the high cost of the advanced scientific

facilities must be taken into account when studying such a process or designing related

engineering equipment. Thus, for the first stage of this study, we will do the sedimen-

tation model using CFD fluent.
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1.2 CFD

Computational Fluid Dynamics (CFD) is a discipline that uses numerical methods to

predict fluid flow behavior and solve mathematical equations that describe fluid flow

by using laws of fluid mechanics. Therefore, it helps to study the spatial physical

characteristics of steady fluid dynamics and the space-time physical characteristics of

unsteady fluid dynamics. To solve these calculations, engineering software is used by

defining boundary conditions, which then stimulates the flow of liquid and interaction

with surfaces.

Figure 1.8: CFD visual example[9]

CFD is used by a wide variety of engineering problems and researches in many in-

dustries and studies such as aerodynamics analysis fluid flow, turbulence models, heat

transfer and radiation, multiphase flows, from bubble columns to oil platforms, engine,

and combustion analysis, etc.

To describe the physics of fluid flow mathematical equations are used. The continuity

equation and the momentum equation, also known as the Navier-Stokes equation, and

the energy equations are needed to describe the state of any type of flow and are gen-

erally solved for all flows in CFD, as seen in Equation 1.6, 1.13, 1.14.

1.2.1 Continuity equation

By applying the conservation of mass principle on a control volume fixed in space the

continuity equation in conservation form can be obtained and it can be seen described

differential form down below:

∂ρ

∂t
+∇ · (ρu) = 0 (1.6)



CHAPTER 1. INTRODUCTION 7

where the ”ρ” is the density of the fluid and u” is the velocity [m/s] at a point on

the control surface, u = f ( x, y, z, t ). For the incompressible flows, the simplified

continuity equation can be expressed as:

∇ · −→u = 0 (1.7)

1.2.2 Momentum equation

The Navier Stokes equation is the application of Newton’s 2nd law of motion to a fluid

element that is fixed and expressed by three scalar equations that correspond to x,y,z

axes over the conservation form of the momentum equation for the viscous flows.

The conservation form is described as:

ρ[
∂~u

∂t
+ (~u · ∇)~u] = −∇p+∇~~τ + ρ~g (1.8)

where g is the gravitational force [m/s2] and ∇τ is the viscous stress tensor. The

viscous stress tensor ∇τ for Newtonian fluids is given in tensor notation as:

τij = µ(
∂ui
∂xj

+
∂uj
∂xi
− 2

3
(∇ · u)δij) (1.9)

The Kronecker-Delta operator ”δij” which is equal to 1 if i = j, else it equals to zero, xi

states one another perpendicular coordinate directions and µ is the dynamic viscosity.

The Navier-Stokes equation in terms of three scalar axes can be described as:

The momentum equation for x-axis:

∂(ρux)

∂t
+∇(ρuxu) = −∂p

∂x
+
∂τxx
∂x

+
∂τyx
∂y

+
∂τzx
∂z

+ ρgx (1.10)

The momentum equation for y-axis:

∂(ρuy)

∂t
+∇(ρuyu) = −∂p

∂y
+
∂τxy
∂x

+
∂τyy
∂y

+
∂τzy
∂z

+ ρgy (1.11)

The momentum equation for z-axis:

∂(ρuz)

∂t
+∇(ρuzu) = −∂p

∂z
+
∂τxz
∂x

+
∂τyz
∂y

+
∂τzz
∂z

+ ρgz (1.12)

Equation 1.10, 1.11, 1.12 are the Navier-Stokes equations in conservation form. For

the incompressible fluids the second term of ”τ” given in Equation 1.13 is zero due to

the incompressibility constraint given in Equation 1.7. For a constant viscosity, the
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Navier-Stokes equation for the incompressible fluids can be seen down below:

ρ[
∂~u

∂t
+ (~u · ∇)~u = −∇P + µ∇2~u+ ρ~g (1.13)

1.2.3 Energy equation

The energy equation is a mathematical statement that express the conservation of

energy principle. For the incompressible flows, it can be seen down below:

ρcµ
∂T

∂t
+ ρcµui

∂T

∂xi
= −P ∂ui

∂xi
+ λ

∂2T

∂x2
i

− τij
∂uj
∂xi

(1.14)

1.3 Multiphase Modeling in CFD Fluent

Computational Fluid Dynamics (CFD) is an engineering tool that predicts fluid flow

behavior by numerical simulations. CFD can resolve many types of flows by describing

basic equations and flow models. This work focused on the simulation of sedimenta-

tion, which is a multiphase flow problem, there are several approaches for multiphase

flow CFD modeling in ANSYS Fluent. In this research, multiphase particle flows are

studied.

1.4 Overview

After giving basic information and describing few of the related topics about this work.

In this section the information about the following steps will be given.

In this thesis the work has been divided into several parts, these parts can be seen

down below;

a) Description of the fundamentals of the preliminary case and, obtain necessary

data to start to define the first setup for the CFD analysis which will be carried out

by ANSYS 2020 R1 software with a student license.

b) Finding an optimal Multiphase model to compare the results with the existing

geometry, various analyzes will be run on ANSYS 2020 R1 software with different time

steps and total time.
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c)After obtaining the necessary data from the analyzes, Grid Convergence Index

(GCI) will be used to utilize the time step.

d)As the following step, similarity analysis will be done and data will be compared

with real experimental data to approve that different sizes of particles could be used

for the following analyzes.

e)The geometry of the existing equipment will be used for the analyzes to compare

the flow rate and the incline angle’s effect on the lamella clarifier. Conclusions and

recommendations will be made for further studies.



Chapter 2

Modeling Approaches

There are two basic approaches for multiphase flow modeling. Euler-Euler and Euler-

Lagrange approach[10]. The Euler-Euler is a homogeneous approach and phases are

interpenetrating one another. Volume fractions, as well as other phasic, are solved for

both the phases are also solved at these control volumes. It can be used to compute

any multiphase flow regime if and only if adequate closure relation is provided but it’s

not able to resolve details below grid size level.

In the Euler-Lagrange approach, individual particles are marked. The carrier phase

obeys continuum conservation equations and the particle phase underlies Newton’s 2nd

law of motion. The physical laws apply directly to each particle and particles interact

with the continuous carrier phase. The concept of particle parcel is tracking a repre-

sentative number of physical particles, but it’s limited to low particle number density.

A general overview of modeling approaches can be seen in the table below:

Model Numerical Ap-

proach

Particle Fluid Interac-

tion

Particle Particle Inter-

action

Particle Size Distribu-

tion(PSD)

DPM Fluid-Eulerian

Particles- Lagrangian

Empirical models for sub-

grid particles

Neglected Easy to include PSD because of La-

grangian description

DDPM -

KTGF

Fluid-Eulerian

Particles- Lagrangian

Empirical models for sub-

grid particles

Approximate P-P Interac-

tions determined by gran-

ular models

Easy to include PSD because of La-

grangian description

DDPM -

DEM

Fluid-Eulerian

Particles- Lagrangian

Empirical models for sub-

grid particles

Accurate determination of

P-P Interactions

Easy to include PSD because of La-

grangian description

Macroscopic

Particle

Model

Fluid-Eulerian

Particles- Lagrangian

Interactions are deter-

mined as part of solution;

particles span many fluid

cells

Accurate determination of

P-P Interactions

Easy to include PSD: if particles be-

come smaller than the mesh,uses an

empiricial model

Euler - Gran-

ular Model

Fluid-Eulerian

Particles-Eularian

Empirical models for sub-

grid particles

P-P Interactions modeled

by fluid properties such as

granular pressure, viscos-

ity, drag,etc.

Difference phases to account for

a PSD; when size change opera-

tions happen use population bal-

ance models

Table 2.1: Overview of Modeling Approaches in ANSYS Fluent [10]

10
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2.1 Description of Case and Preliminary Consider-

ations

Sedimentation of small particles represents a dispersed multiphase flow, for that reason

this case study focused on the Euler-Granular model and DDPM-KTGF model. The

model’s geometry is 180mm x 26mm size rectangle as seen in Figure 2.1. The analysis

had been done for different total time and various time steps for the time step analysis

to comparing the error size.

Figure 2.1: Model Geometry

For preliminary consideration, sedimentation time is estimated by using MATLAB

script. The script and result can be seen down below for 0.1 mm chalk particle.

1 function [] = u3()

2

3 rho = 998.2;

4 mu = 0.001003;

5 nu = mu/rho;

6 rhos = 2560; dp = 1e-4; % chalk

7

8 drho = rhos - rho

9
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10 Fg(dp,drho)

11 FCd(dp,1,nu,rho)

12

13 % function describing balance between gravity and drag forces

14 fun = @(u) Fg(dp,drho) - FCd(dp,u,nu,rho);

15 us = fzero(fun, [1e-11, 10]) % terminal settling velocity

16 Res = us*dp/nu

17 %fun(us)

18

19 dp

20 %4/3*(dp/2)^3/(dp)^3

21

22 H = 0.18;

23 t = H/us % time for sedimenting the particle from top to bottom

24 dx = 0.001; % characteristic size of mesh cell

25 dt = dx/us/3 % estimated time step

26

27 return

28

29 function y = Fg(dp,drho) % gravity/buoyant force

30 g = 9.81;

31 y = 4*pi*((dp/2)^3)/3*drho*g;

32

33 function y = FCd(dp,u,nu,rho) % drag force

34 re = u*dp/nu;

35 Sp = pi*dp^2/4;

36 %Cd = trans2(re);

37 Cd = fCd(re);

38 y = Cd.*Sp*rho.*u.^2/2;

39

40 function y = fCd(re) % drag coeff.

41 N = length(re);

42 y = zeros(1,N);

43 for i=1:N

44 if ( re(i) < 1 )

45 y(i) = 24/re(i);

46 elseif ( re(i) < 1000 ) % transient region 1 < Re < 1000

47 y(i) = 24/re(i)*(1+re(i)^(2/3)/6);

48 elseif ( re(i) < 2e+5 ) % turbulent region 1000 < Re < 2.10^5

49 re(i) = 0.44;

50 else

51 re(i) = 0.19;

52 end

53 end

54

55 %%%%%%%%%%%%%%% Result %%%%%%%%%%%%%%%

56 H_m =

57

58 0.18

59
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60 dp_mm=

61

62 1.0000e-04

63

64 t_s =

65

66 21.2105

The sedimentation time of 0.1 mm diameter chalk particles for 0.18 m, was calculated

as 21.718 seconds. According to that value, further analyzes had performed for 1-3-5

seconds total time and 0.001-0.005-0.01-0.02-0.04 second time step.



Chapter 3

Preliminary Analyzes & Grid

Convergence Index

3.1 Model and Meshing

For modeling and meshing, ANSYS software has been used. The initial 2D model

representing a water column was created as a 180mm x 26mm rectangle, and the

generated mesh is depicted in Figure 3.1.

Figure 3.1: Model & Mesh

During meshing, element size was defined as 1mm. Hence, the generated total number

of nodes and elements can be seein in Table 3.1:

14
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Nodes 4887

Elements 4680

Table 3.1: Nodes & Elements

3.1.1 Mesh

The accuracy of the result in CFD analysis depends on the quality of the generated

mesh. To create a quality mesh continuous geometric space must be divided into the

right number of discrete elements of suitable size[11]. Mesh metrics available in ANSYS

Meshing include:

· Element Quality

· Aspect Ratio

· Jacobean Ration

· Warping Factor

· Parallel Deviation

· Maximum Corner Angle

· Skewness

· Orthogonal Quality

The mesh quality for a simple rectangular geometry is close to perfect. This means

according to skewness, It’s close to 0 and orthogonal quality, It’s close to 1.

3.2 Model Approach Setup

As mentioned before, Euler-Granular model and Dense Discrete Phase Model – Kinetic

Theory of Granular Flow (DDPM-KTGF) model were used during the analysis. The

setup of these two models is described in this section. First, fluent launcher setup has

been set for the models with 2D dimension and with double precision option on. A

computer with CPU Intel Core i7-9750h @ 2.6 GHz with 6 core and 12 thread, 16 GB

RAM, RTX 2070 Mobile has been used for analyses. As parallel option, 4 out of 6

cores have been used. GPGPUs are set as 0 since student license is not allowed to use

GPU during the analysis. The whole setup can be see down below in Figure 3.2.
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Figure 3.2: Fluent Launcher Setup - 2D Model

3.2.1 Euler-Granular Model

The Euler-Granular Model based on the kinetic theory of granular flow accounts for the

effect of collisional particle-particle interactions. Solves set of conservation equations

such as continuity, momentum, and energy which averaged equations can be seen from

Equation 3.1, 3.2, 3.3.

Continuity equation[12]:

∂

∂t
(αsρs) +∇ · (αsρs−→us) = ṁfs (3.1)

Where ṁfs defines mass transfer.

Momentum equation[12]:

∂

∂t
(αsρs

−→us) +∇ · (αsρs−→us−→us) = −α∇pf +∇ · ~~τs + Σn
s=1(
−→
R fs + ṁfs) +

−→
Fs (3.2)

τ̄s = −PsĪ + 2αsµsS̄ + αs(λs −
2

3
µs)∇ · −→us Ī (3.3)

S̄ = 1
2
(∇−→us + (∇−→us)T ) is the strain rate.
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Figure 3.3: Secondary Phase Setup

Firstly, “gravity” activated and gravitational acceleration defined on the Y-axis as -

9.81 m/s2 and time chose as “Transient” in general settings. Since there is no flow

to cause any turbulence in the geometry the viscous model was chosen as “Laminar”

flow. The multiphase model was chosen as an inhomogeneous model “Eulerian” and

the number of Eulerian phases is defined as two phases. Then chalk particles created

and water added to the material list are both defined as fluids.

After these steps, the phase setup has finished as shown in Figure 3.3. Chalk-particles

had been chosen as secondary phase material, the diameter was defined as 0.1mm. As

granular viscosity “gidaspow” has defined [12], Lun et al. as granular bulk viscosity

[12], Lun et al. as solid pressure [12].

Restitution coefficient is the reflection of the particles from each other, to reduce the

reflection during sedimentation it’s reduced from 0.9 to 0.1. can be seen in Figure 3.4.
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Figure 3.4: Restitution coefficient

The particle volume fraction was defined as 0.05, to have a 5% volume fraction from

“Solution Initialization”. Rest options are kept default. Last, a vertical line in the mid-

dle of the model geometry was created to obtain data for the further grid convergency

index (GCI) which is also called time step analysis.

Results of the analysis can be seen in the Figure 3.6 for each total time.And the

interface between pure water and particles’ development by time, for each total time,

can be seen on the Figure 3.5. The Euler model has a continuous phase hence there

is a smooth dependency representing the interface between settled particles and pure

water.

Figure 3.5: Packing limit by height



CHAPTER 3. PRELIMINARY ANALYZES & GRID CONVERGENCE INDEX 19

Figure 3.6: Contour of Volume fraction 1-3-5s

3.2.2 Dense Discrete Phase Model - Kinetic Theory of Gran-

ular Flow

The DDPM KTGF is a general framework in which the continuous phase is solved on

an Eulerian grid and the particulate phase in a Lagrangian frame and it extends the

application range of the Discrete Phase Model (DPM) from dilute to dense particu-

late flows. It accounts, the effect of volume fraction of particle phase, particle-particle

interactions, fluid-particle coupling, and particle size distribution. DDPM-KTGF is

suitable for dilute to moderately dense particulate flows, and faster computations due

to the modeling of particle interaction effects. The solution procedure can be seen in

Figure 3.7.
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Figure 3.7: DDPM Solution Procedure[10]

The setup procedure has similarities with the Euler-Granular method, “Gravity” ac-

tivated and gravitational acceleration defined value on the Y-axis is -9.81 m/s2, and

time was chosen as “Transient” in general settings. Since there is no flow to cause any

turbulence in the geometry the viscous model was chosen as “Laminar” flow.

The discrete phase was activated then the multiphase model was chosen as the inhomo-

geneous model “Eulerian” and the dense discrete phase model activated from Eulerian

parameters. The number of eulerian phases is defined as 1 phase and the number of

discrete phases is defined as 1. Then chalk particles are created in the material list as

solid and water is added to the material list as fluid. After defining chalk as a solid,

injection for DPM had been created. The setup of injection can be seen in Figure 3.8

down below.

Injection type was chosen to surface interior-surface body and the material was cho-

sen as chalk and discrete phase domain as phase-2. After that diameter of particles

were defined and the total flow rate was calculated for 5% volume fraction as 600kg

for 0.001s injection time as seen in Figure 3.8.
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Figure 3.8: Injection Setup

Figure 3.9: DDPM-KTGF Phase Setup
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Phase setup is defined as the same with Euler-Granular model to compare results

by using the same granular properties. Also, the restitution coefficient decreased from

0.9 to 0.1 too. Setup options can be seen in Figure 3.9.

Solution methods are set as default, and for the further time step analysis, a line is

created in the middle of the geometry to obtain data of the interface between pure

water and some particles, as seen in Figure 3.10.

Figure 3.10: Created Line on the geometry
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The result of volume fractions can be seen in the Figure 3.11,3.12 down below.

Figure 3.11: Volume fraction contour of 1-3-5s

Figure 3.12: Volume fraction of 5 for each time step 0.04s-0.02s-0.01s-0.005s-0.001s
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And the interface between pure water and particles’ development by time, for each

total time, can be seen in Figure 3.13. The average volume fractions from the obtained

data for each time step from the Figure 3.13 are shown in Table 3.2:

Time step [s] 0.001 0.005 0.01 0.02 0.04

Average volume fraction 0.052036 0.052326 0.051849 0.052050 0.054600

Table 3.2: Average volume fraction of each time step

Figure 3.13: Packing limit by height

After creating more lines on the same geometry, a more smooth chart is obtained for

the interface between pure water and particles which can be seen in Figure 3.14. Figure

3.15 and Figure 3.16 have been obtained as a chart of data from results of multiple

lines analyzes with 0.05 mm particle size and 0.04 s time step for 20 s total time.

The DDPM-KTGF model doesn’t have a continuous phase for particles, hence volume

fractions are not continuous.
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Figure 3.14: Created Surface Lines

Figure 3.15: Packing limit by height - 5 Lines
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Figure 3.16: Packing limit by height - 10 Lines

As seen in Figure 3.17, the interface between pure water and settled particles is at the

same position for both methods, Euler-Granular as well as DDPM-KTGF. But because

of its discontinuity, it’s difficult to find some quantity to evaluate GCI with DDPM-

KTGF model. Therefore, the Euler-Granular method was used for the evaluation of

GCI.

Figure 3.17: Packing limit by height Euler vs DDPM
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3.2.3 Grid Convergency Index

Studying the spatial convergence of a simulation is a simple method for determining

the sequential discretization error in a CFD simulation. It involves performing the

simulation on two or more consecutive finer grids. When the grid is refined (as the

grid cells become smaller and the no of cells in the flow domain increases) and the

time step is refined (decreased), the spatial and transient discretization errors, respec-

tively, should be asymptotically approach zero, excluding the computer rounding error.

Figure 3.18: Grid Convergence Index Visual Chart[REF]

One of the methods to determine the GCI value of different levels of grids is devel-

oped by Roache[13], which is based on Richardson extrapolation[14]. GCI value of a

certain grid-level indicates the inaccuracy of the obtained solution comparing to the

real solution, in another word, the GCI value helps to check if the solutions are within

the asymptotic range of convergence. In order to estimate the convergence accurately,

three levels of the grid are usually applied, while the minimal two levels of grids are

required to determine the GCI.

The dependency of solution on the number of grid cells can be described by the following

equation:

Φ = Φext + aN− p
L (3.4)

where Φext represents the extrapolated value of the solution for infinitely large mesh

size, a represents a model parameter, N represents the number of mesh elements, p is

the order of convergence representing the solution accuracy, L equals 2 for 2D mesh

and 3 for 3D mesh.
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The three unknown parameters can be calculated from three equations for three dif-

ferent mesh sizes:

Φ1 − Φext − aN
− p

L
1 = 0 (3.5)

Φ2 − Φext − aN
− p

L
2 = 0 (3.6)

Φ3 − Φext − aN
− p

L
3 = 0 (3.7)

In terms of the average size of mesh elements, which equals the reciprocal value of the

number of mesh elements, dependency of solution on element size is shown in Equation

3.8:

Φ = Φext + ahp (3.8)

where h is the characteristic mesh size given by h = −( 1
N

)
1
L or h = −( V

N
)

1
L , V is

the volume of cell. It can be observed from Equation 3.8 that, as the element size is

decreased by increasing the number of mesh elements N, the solution approaches the

extrapolated solution and for a theoretical case of h = 0, i.e N −→∞, the solution is

the accurate solution equal to Φext.

The three equations in terms of three different characteristic mesh sizes can be then

written as:

Φ1 − Φext − ahp1 = 0 (3.9)

Φ2 − Φext − ahp2 = 0 (3.10)

Φ3 − Φext − ahp3 = 0 (3.11)

Subtracting those equations, we obtain:

Φ1 − Φ2 = ahp1[1− (
h2

h1

)p] = ahp1(1− rp21) (3.12)

Φ2 − Φ3 = ahp2[1− (
h3

h2

)p] = ahp2(1− rp32) (3.13)

where rp21 = h2

h1
is refinement ratio for finest grid size, rp32 = h3

h2
is refinement ratio for
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mid-size grid level. Dividing the Equation 3.12 and 3.13 yields:

Φ1 − Φ2

Φ2 − Φ3

=
1

rp21

1− rp21

1− rp32

(3.14)

The differences between particular variables can be written as:

ε21 = Φ2 − Φ1, ε32 = Φ3 − Φ2 (3.15)

p can be separated from Equation 3.14 and it can be described as:

p =
1

lnr21

[ln
ε32

ε21
+ ln

rp21 − 1

rp32 − 1
] (3.16)

This relation is similar to the equation published by Celik (2008)[15]:

p =
1

lnr21

|ln| ε32

ε21
|+ q|, q = ln(

rp21 − s
rp32 − s

), s = sign
ε32

ε21
(3.17)

The absolute values and the sign function are for situations in which there is non-

monotonous increase or decrease of the monitored quantity (e.g. Φ1 < Φ2 and Φ2 > Φ3

). The equation for p is solved numerically.

The parameter a can be expressed as:

a =
Φ1 − Φext

hp1
(3.18)

and substituting the expression of a in Equation 3.10, we obtain:

Φext =
Φ1r

p
21 − Φ2

rp21 − 1
(3.19)

and the accuracy of Φ1 solution for the finest mesh in terms of GCI is:

GCI21 = Fs
Φext − Φ1

Φ1

(3.20)

where Fs is the factor of safety in the estimation of numerical accuracy. Substituting

Fs of 1.25, we obtain a fine-grid convergence index:

GCI21 =
1.25e21

a

rp21 − 1
(3.21)

where e21
a is the approximate relative error,

e21
a = |Φ1 − Φ2

Φ1

| × 100[%] (3.22)
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Similar relation for GCI of mid-size mesh can be written as:

GCI32 =
1.25e32

a

rp32 − 1
(3.23)

It is recommended that the refinement ratios, rp21 and rp32be greater than 1.3, (Celik,

2008).

For this case study, GCI for the time step was evaluated by MATLAB script and

function which can be seen below for 5s total time. For the 1s-3s total time same script

and function were used[15].

1 function [ N, Phi, GCI ] = gci(N,Phi,D)

2 % grid convergence

3

4 format compact;

5

6 [N, i] = sort(N,'descend');

7 Phi = Phi(i);

8 GCI = zeros(3,1);

9

10 % Celik (1993)

11 %N = [ 18000, 8000, 4500 ]; Phi = [6.063, 5.972, 5.863];

12 N

13 Phi

14 %%h1 = sqrt(N1); h2 = sqrt(N2); h3 = sqrt(N3);

15 %r21 = sqrt(N(1)/N(2))

16 %r32 = sqrt(N(2)/N(3))

17

18 r21 = (N(1)/N(2))^(1/D)

19 r32 = (N(2)/N(3))^(1/D)

20 if ( r21 < 1.3 || r32 < 1.3 )

21 disp('refinement factors r21 and r32 should be greater than 1.3');

22 end

23

24 eps32 = Phi(3)-Phi(2)

25 eps21 = Phi(2)-Phi(1)

26 R = eps21/eps32

27 s = sign(eps32/eps21)

28

29 fq = @(p) log((r21.^p-s)./(r32.^p-s));

30 fp = @(p) p - 1/log(r21)*abs(log(abs(eps32/eps21))+fq(p));

31 p = fzero(fp,1)

32 %p = fsolve(fp,1)

33

34 Phi21ext = (r21^p*Phi(1)-Phi(2))/(r21^p-1)

35 %%Phi32ext = (r32^p*Phi2-Phi3)/(r32^p-1)

36

37 e32a = abs((Phi(2)-Phi(3))/Phi(2))*100
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38 %GCI32 = 1.25*e32a/(r32^p-1)

39 GCI32 = 1.25*abs(Phi21ext-Phi(2))/Phi(2)*100

40 e21a = abs((Phi(1)-Phi(2))/Phi(1))*100

41 e21ext = abs((Phi21ext-Phi(1))/Phi21ext)*100

42 %GCI21 = 1.25*e21a/(r21^p-1)

43 GCI21 = 1.25*abs(Phi21ext-Phi(1))/Phi(1)*100

44

45 asymptoticRange = GCI21*r21^p/GCI32

46

47 rs = (asymptoticRange*GCI32/1)^(1/p)

48

49 plot(N,Phi,'r*', N,Phi,'b', [0.9*min(N), 1.1*max(N)], [Phi21ext Phi21ext],'m');

50 grid on;

51

52 GCI33 = 1.25*abs(Phi21ext-Phi(3))/Phi(3)*100

53

54 GCI(1) = GCI21;

55 GCI(2) = GCI32;

56 GCI(3) = GCI33;

57

58 return

59

60 % for output graphics a-b-c%

61 t = 5

62 dt = [ 0.1 0.02 0.005 ]

63 Phi = [ 0.146057176988027 0.14578159003159 0.145725177304965 ]

64 N = t./dt

65

66 figure(2);

67 gci5s(N,Phi,1)

Since the Eulerian-Granular model has a continuous phase, it was able to evaluate

GCI from the slope, as seen in Figure 3.5. The results of 1s-3s-5s GCI values from

the figures down below where GCI33 express 0.1s time step error rate (in %), GCI32

express 0.02s time step error rate (in %), GCI21 express 0.005s time step error rate (in

%), as seen in Figure 3.19.
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(a) total time 1s (b) total time 3s

(c) total time 5s

Figure 3.19: GCI charts

Total Time 1s 3s 5s

Φ1 0.172278142 0.158972453 0.146057176988027

Φ2 0.171812221 0.158840545 0.14578159003159

Φ3 0.171680781 0.158809176 0.145725177304965

Φ21ext 0.1716 0.1588 0.1457

r21 4 4 4

r32 5 5 5

e32a(%) 0.2712 0.0830 0.1890

e21a(%) 0.0766 0.0198 0.0387

GCI32 (%) 0.0663 0.0357 0.0312

GCI21 (%) 0.0179 0.0111 0.0014

GCI33 (%) 0.3020 0.1394 0.0335

Table 3.3: Input and output values under different total time & time steps

After the GCI analysis, the values can be seen in Table 3.3. The numerical uncertain-
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ties for 1s total time, 0.1s time step was found 0.3020%, 0.02 s time step as 0.0663%

and 0.005s as 0.0179%. For the higher total times, the GCI values got lower.

In Table 3.3, It can be seen that when the total time increases the error rates are start

to decrease. Hence, bigger time steps are being available to use for the longer analyzes.

As a result of this GCI analysis, for further The Euler model analyzes, bigger time

steps close to or even 0.1 s can be used.

3.3 Similarity analysis

In real apparatuses, much smaller particles are present which means that much larger

settling times are observed. This would result in much longer simulation times and the

computational requirements would increase substantially. So the aim was to perform

simulations with larger particles which could be then recalculated to the situation with

smaller particles. In this section, the sedimentation of the different sized particles will

be compared according to the given equilibrium Equation 3.32. To approve that the

results are close to each other and as the next step, real experimental data is needed to

compare it with the obtained data from the first analyzes. After the comparison and

approval of these obtained data, It’s possible to use bigger particles for the following

analyzes for the following case.

Fg defines gravitational forces on the particle. It can be expand as Equation 3.24:

Fg = mg = Vpρpg =
πd3

p

G
ρpg (3.24)

Fd defines drag forces on the particle:

Fd = CDtSpρf
u2

2
(3.25)

where CDt = 24
Re

is drag coefficient, for the stoke region Re < 1. Thus Equation 3.25

can be written as:

Fd =
3π

8
µdpu (3.26)

where µ dynamic viscosity is, dp is diameter or particle.

Fb = Vpρfg (3.27)

In steady-state case Gravitational forces are equal to Buoyant and Drag forces the
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equilibrium can be seen as Equation 3.28 :

Fg = Fb + Fd (3.28)

Where u is:

u =
d2
p∆ρg

18µ
(3.29)

and ∆ρ = ρp − ρf

The equilibrium between two different particle sizes can be expressed as:

t1 =
L

up
=

L
d2
p1∆ρg

18µ

(3.30)

t2 =
L

d2
p2∆ρg

18µ

(3.31)

t1
t2

=
d2
p2

d2
p1

(3.32)

1 % similarity analysis

2

3 dp1 = 1e-4

4 dp2 = 5e-5

5 t1_t2 = (dp1/dp2)^2

6

7 t1 = 5

8 t2 = t1*(dp1/dp2)^2

9

10 % experiment figure ... 250 min

11 t1 = 250*60

12 dp1 = 2.85e-6 % chalk mean diamter

13 dp2 = 1e-4

14 t2 = t1*(dp1/dp2)^2 % simulation time for dp2 to get same position of the interface

15

16 %% RESULTS %%

17 dp1 =

18 1.0000e-04

19 dp2 =

20 5.0000e-05

21 t1_t2 =

22 4

23 t1 =

24 5

25 t2 =

26 20

27 t1 =

28 15000
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29 dp1 =

30 2.8500e-06

31 dp2 =

32 1.0000e-04

33 t2 =

34 12.1837

The simulation is applied for particle size of dp1 and dp2, the exact value can be seen

in the Matlab script above. Theoretically, simulations of different particle sizes should

obtain a similar position of the interface for the final time t2 = t1 ∗ (dp1/dp2)2. The

first simulations are proceeded with the Euler model, for the 0.1mm and 0.05mm par-

ticle sizes. According to Equation 3.32 5s total time for 0.1mm particle size is equal to

20s total time for 0.05mm particle size and for the real experiment particle sizes total

time for 0.1mm particle size is equal to 12.1837s.

3.3.1 Comparison between different particle sizes

To make the comparison between different particle sizes for both methods, the same

model setups had been selected as in previous chapters. During this step, two different

sizes of particles is used 0.1mm & 0.05mm with Euler Granular Model. The 0.05mm

diameter particles’ diameter setup can be seen down below:

Figure 3.20: Defining 0.05mm diameter Particles Euler

To obtain an interface between pure water and particles the midline on geometry has

been drawn like the previous chapter’s Figure 3.10.



CHAPTER 3. PRELIMINARY ANALYZES & GRID CONVERGENCE INDEX 36

Figure 3.21: Euler model, 0.1mm 5s (left) vs 0.05mm 20s (right)

Figure 3.21 illustrates the volume fraction contour which has been obtained for the

particles’ after the analysis. Contour results are similar to each other which can be

seen in the figure.

Figure 3.22: Euler model- 0.1mm particle size - 5s total time-0.1s time step
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Figure 3.23: Euler model- 0.05mm particle size - 20s total time-0.1s time step

Figure 3.22 Figure 3.23 show interface between pure water and particles for different

particle sizes as in Figure 3.21 above. The interface height is similar to each other,

which is approximately 0.145m.

As a result of the Euler method comparison of the different sized particles, simulation

with bigger particles does have practical meanings and it will be used for the following

steps.

In the next step of this chapter, DDPM-KTGF model was used with two different sizes

of particles, which is 0.1mm & 0.05mm. The 0.05mm diameter particles’ diameter

setup can be seen down below in Figure 3.24:
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Figure 3.24: Defining 0.05mm diameter Particles, DDPM

To obtain an interface between pure water and particles the midline on geometry has

been drawn like the previous chapter’s Figure 3.10.

Figure 3.25: DDPM KTGF model, 0.1mm 5s (left) vs 0.05mm 20s (right)

Figure 3.25 illustrates the volume fraction contour which has been obtained for the

particles’ after the analysis. Contour results are similar to each other which can be

seen in the figures.
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Figure 3.26: Volume fraction of the 0.05mm Particles according to Position

Figure 3.27: Volume fraction of the 0.1mm Particles according to Position

Figure 3.26 & Figure 3.27 show interface between pure water and particles for different

particle sizes as in Figure 3.25 above. The interface height is similar to each other,which

is approximately 0.14m.

As a result of the DDPM-KTGF method comparison for different sized particles, sim-

ulation with bigger particles does have practical meanings and it will be used for the

following section.
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3.3.2 2D and 3D models comparison

After making similarity analysis between different particle sizes of Euler and DDPM-

KTGF models for 2D geometries, it’s also necessary to compare the 2D geometry

results of certain particle sizes with the 3D models.

The initial 3D model representing a water column which was created as a 180mm x

26mm diameter cylinder, and the generated mesh is depicted in Figure 3.28a

(a) 3D Model & Mesh-1 (b) 3D Model & Mesh-2

Figure 3.28: 3D Euler Mesh

During meshing, element size was defined as 1mm. Hence, the total number of nodes

and elements as can be seen in Table 3.4:

Nodes 254240

Elements 246509

Table 3.4: Nodes & Elements
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The mesh quality according to skewness and orthogonal quality as can be seen in Table

3.5:

Min Max Average

Skewness 1.3057e-010 0.53217 8.2905e-002

Orthogonal Quality 0.49367 1 0.98758

Table 3.5: Mesh Quality

Figure 3.29: Fluent Launcher Setup - 3D Model

The same setup has been used for 3D analysis just like the 2D Model setup, the

dimension is changed to 3D from 2D as can be seen in Figure 3.29. The 3D analysis

for The Euler model has taken 5 hours in total with the system had described before.

The volume fraction contour of the 3D model can be seen in the Figure 3.30a:
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(a) 3D Contour (b) cross-section

Figure 3.30: 3D Euler Contour

After creating a plane of the cross-section of the cylinder geometry from the X-Y plane,

the volume fraction contour can be seen in Figure 3.30b:

A line is created in the middle of the 3D geometry with the starting point of [0,0,0]

and the ending point of [0,0.18,0], to obtain data of the interface between pure water

and particles, as seen in Figure 3.31;

Figure 3.31: 2D vs 3D Euler Model 0.1mm particle size - 12.18s total time
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Figure 3.32: 2D Euler Model 0.1mm particle size - 12.18s total time

Figure 3.30b and 3.32 show the fraction contour, Figure 3.31 interface between pure

water and particles obtained from 2D model. The interface height is similar to the

value we obtained from the 3D model, which is approximately 0.12m. It means that

2D geometry is sufficient enough to obtain analysis data in this situation. As a result

of the comparison of the 2D and 3D models, 2D model is sufficient and more time-

efficient, thus it will be used for the following sections.

After comparing 2D and 3D Euler models, the same comparison is continued with the

DDPM model. The fluent launcher had been set with same options with 3D Euler

model. The DDPM model’s 3D geometry is also shown in Figure 3.28a, the setup of

the DDPM model has the same with the previous DDPM model setups and the total

time has been set to 12.18s. The 3D analysis for DDPM model has taken 54 hours in

total with the system had described before.
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Figure 3.33: DDPM Geometry midline

(a) 3D Contour (b) cross-section

Figure 3.34: 3D DDPM Model

To observe interface between pure water and particles for 3D model. Maximum packing

limit reduced to 0.005 for the plane contour.
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Figure 3.35: 3D DDPM Model - Reduced Max. Packing Limit

The 2D DDPM model’s volume fraction contour for different time steps can be seen in

Figure 3.36.

Figure 3.36: 2D DDPM Model - 0.01s time step (left) vs 0.003s time step (right) for
12.18s
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Figure 3.37: DDPM Model 0.1mm particle size- 0.01s time step - 12.18s total time

Figure 3.38: DDPM Model 0.1mm particle size- 0.03s time step - 12.18s total time

Figure 3.35 and 3.36 show the fraction contour of 3D & and 2D geometry. Figure 3.37

and 3.38 show the interface between pure water and particles obtained from the 2D

model with different time steps. The interface height is similar to the value we ob-

tained from the 3D model, which is approximately 0.08m. It means that 2D geometry

is sufficient enough to obtain analysis data in this situation. Also for bigger time steps

such as 0.01s, similar results have been obtained. As a result of the comparison of the

2D and 3D models, 2D model is sufficient and more time-efficient, thus it will be used

for the following sections.
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3.3.3 Total time comparison regarding to the particle size vs

real experiments

The analysis geometries had drawn according to real experiment scales. The water

height in the real experiment is 180.62mm, so the geometries of models are also set as

180mm. In the visual of the real experiment, the red lines are expressing 163.5mm out

of 180.62mm. For the distribution of the particle diameters, ultrasonic measurement

had been done. The distribution can be seen down below in Figure 3.40 which shows

containing percentage for specific diameter values of total particles. The arithmetic

means diameter of the particles is 2.85 µm which is approximately 62%. It also has

particles smaller than 2.85µm, so the estimated interface height is lower than the

163.5mm and around 100mm to 110mm according to distribution.

(a) Real Experiment Visual (b) 2D DDPM Model (c) 2D Euler Model

Figure 3.39: Comparison of Real Experiment & 2D DDPM & 2D Euler

According to the comparison of Euler & DDPM models from Figure ?? and Figure

3.37 with Real data, the Euler model is giving better results than DDPM. Thus, in the

next chapter, the analysis will continue with the Euler model.
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Figure 3.40: Particle characteristics measured by Dr. Moravec
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3.4 Summary

In conclusion, the results in this chapter indicates that The Euler model can give us

the same results for larger time steps therefore, we can save much more computational

time and it is less computational demanding than DDPM. In the DDPM method, it’s

necessary to use smaller time steps, approximately 10 times smaller than the Euler

method used during the analyses in this chapter, otherwise the incomplete particle

tracking error occurs after a time.

For the time step analysis (GCI), as we can see it’s hard to adapt that method to

the DDPM-KTGF model because of the non-continuous phase of the model and it’s

hard to obtain balanced data from the slope of sedimentation analysis. Therefore, the

Eulerian-Granular model is the better option for optimizing time steps rather than the

DDPM-KTGF model for smaller particle analyses, which is highly time-consuming and

computationally demanding.

It’s necessary to make analyzes with simplified model geometries to find optimal time

steps for specific sedimentation analysis. As a result of time step analysis of the

Eulerian-Granular model error rate (%) increases while time step and total time are

increasing but at the same time bigger time steps error ratio increasing ratio decreases

and becomes closer to smaller time steps error ratio. Hence, the optimal time step for

Eulerian-Granular model has been determined as 0.1 seconds.

To be able to use larger particles compared to real particles similarity analysis has

been done as the last step. Analysis with the smaller particles with the size of mi-

crometers can be highly computational demanding and analyzes can take several days.

Also, it’s a problem to have a sediment layer at the bottom and reach the packing

limit, with the bigger time steps while trying to reduce necessary analysis time. After

using Equation 3.32 and comparing the obtained results with real experimental data,

Eulerian-Granular model has been decided to use for further analysis.



Chapter 4

Second model/ method

4.1 Lamella Clarifier

Lamella clarifier is a commonly used settler to remove particulates from liquids. In

a lamella clarifier usually, a set of inclined plates are applied, these inclined plates

can provide a large effective settling area for a small footprint, which improves the

operating conditions of the clarifiers.

Figure 4.1: Lamella clarifier[16]

Figure 4.1 illustrates the working principle of a lamella clarifier. The inlet stream is

stilled upon entry into the clarifier. Solid particles begin to settle on the inclined plates

and begin to accumulate in collection hoppers at the bottom of the clarifier unit. The

sludge is drawn off at the bottom of the hoppers and the clarified liquid exits the unit

at the top over a weir[17].

50
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The main feature, as well as the advantage of lamella clarifiers, is the usage of inclined

plated, which is much more compact, usually requiring only 65-80 % of the area of

clarifiers operating without inclined plates[18]. Therefore, a lamella clarifier is a better

option when site footprint is limited. Furthermore, the small required space of lamella

clarifier makes it possible to be set at indoor area, this possibility in return makes it

easier to control temperature and pressure conditions, it can also avoid problems like

algae growth, clogging due to blowing debris accumulation and odour control[19]. The

inclined plates mean the clarifier can operate with overflow rates 2 to 4 times that of

traditional clarifiers which allow a greater influent flow rate and thus a more time effi-

cient clarification process[19]. However, Lamella clarifiers are not applicable for most

raw feed mixtures. For these mixtures, pre-treatment is needed to remove materials

that could drag down the separation efficiency.

Lamella clarifier is typically used at field such as fly ash waste, flue gas desulfurization

waste, clarification, iron removal, heavy metals removal, filter press belt wash. battery

plant heavy metals removal, hazardous waste remediation, and so on.

4.2 Geometry of the model

The geometry of the second model is based on the real geometry which had been used

in the real experiment in Czech Technical University laboratories.

Figure 4.2: Real Lamella Model geometry

The ANSYS model has same geometry of middle lamella separator, which is a 20mm

x 500mm rectangle as seen in Figure 4.2. The left side of the geometry was divided
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into two edges, one of 16 mm length as the inlet, and the second edge of 4 mm below

was set as the outlet for particles, as seen in Figure 4.3.

Figure 4.3: Lamella Model geometry

During meshing, element size was defined as 1mm, it can be seen in Figure 4.4. Hence,

the total number of nodes and elements are shown in Table 4.1:

Figure 4.4: Mesh Element Size

Nodes 10521

Elements 10000

Table 4.1: Nodes & Elements

The mesh quality for a simple rectangular geometry is close to perfect. It means that

skewness is close to 0 and orthogonal quality is close to 1.
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After meshing, named selections had been created. A as inlet, B as outlet2 , C as

outlet and D as wall which is the bottom and the top of the rectangular geometry. The

named selections can be seen down below in Figure 4.5.

Figure 4.5: Named Selections A-B-C-D

After creating the mesh of the lamella geometry to obtain 15-30-45 degree, in do-

main tab, Transform -> Rotate... option had been used to rotate the geometries as

can be seen in Figure 4.6, the geometries had obtained down below in Figure 4.7.

Figure 4.6: Rotating the Mesh
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(a) 15 degree (b) 30 degree (c) 45 degree

Figure 4.7: Visual of Geometries

4.3 CFD setup for chosen model

After running set of analyses for 0.1 mm diameter particles, the data have obtained

wasn’t enough to comparison the results. Therefore, particle diameter reduced to

0.01mm. For the geometries, velocity magnitude between 0.01-0.2 [m/s] had been used

for particles with 0.01 mm diameter. Before starting the setup the model, the Reynolds

number must be calculated for chosen velocity magnitudes to determine turbulent and

laminar flow.

The Reynolds number is defined as the ratio between the inertial forces and the viscous

forces of a fluid undergoing an internal movement caused by the different velocities of

the fluid, and it is a guide to determine whether the turbulent flow occurs in a situa-

tion. The region where these forces change their behaviour is called the boundary layer.

A comparable effect can be generated by introducing a high-velocity flow into a low-

velocity fluid. This generates fluid friction, which develops turbulent flow. The factor

that tends to counter this effect is the fluid’s viscosity, which tries to inhibit turbulence.

For this analysis it’s necessary to calculate Reynolds number for internal flows. Reynolds

number range for laminar regime is up to 2300, for transient regime 2300>Re>4000

and for turbulent regime Re>4000. During the laminar regime, the viscous forces are

the dominant ones, the movement of the fluid is regular and constant in a close chan-

nel. During the turbulent, regime is dominated by inertial forces that produce flow

instabilities and vortexes.

The formula to calculate the number of Reynolds is:

Re =
ρfluidufluidLcharacteristic

µfluid
(4.1)
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Where ρ is the density of the fluid equal to 998.2 [kg/m3] , u is the velocity magnitude

between 0.01 to 0.2 [m/s], L is a characteristic linear dimension equal to 20 mm, and

µ is the dynamic viscosity of the fluid equal to 0.001003[kg/ms] .

For the chosen 0.2 [m/s] velocity magnitude, the maximum value of Reynolds number

is 3987 and for Re=2300, laminar and transient regime velocity magnitude is close to

0.125 [m/s]. Hence, velocity magnitudes had been chosen as 0.2-0.125-0.1-0.075-0.05-

0.01 [m/s] for the first set of analyses.

Terminal velocity cannot be calculated directly because the region of settling is un-

known. In this case, the region is determined by the value of Reynolds number which

contains unknown terminal velocity u.

CDtRe
2 =

4

3

D(ρp − ρf )g
u2ρf

u2D2ρ2
f

µ2
=

4

3

D3(ρp − ρf )ρfg
µ2

(4.2)

For Stokes region CDtRe
2 < 48:

u =
D2(ρp − ρf )g

18µ
(4.3)

For Transition region 48 < CDtRe
2 < 1.1× 105:

u = 0.153
D1.14(ρp − ρf )0.71g0.71

ρ0.29
f µ0.43

(4.4)

For Newton region 1.1× 105 < CDtRe
2 < 4× 105

u = 1.74

√
D(ρp − ρf )g

ρ
(4.5)

The terminal velocity of 0.01mm particles has been calculated according to equations

down below where ρ for particles equal to 2560 [kg/m3] . After calculating Equation

4.2 where CDt is 24
Re

, the result is 0.0202 for the given values which determined as

Stokes region, which can be seen down below and the terminal velocity calculated as

0.000084767 [m/s] from the Equation 4.3.

For the laminar regime, the Euler model setup is the same as in previous chapter.

For the turbulent regime, realizable k− ε model has chosen. Enhanced wall treatment

had chosen for the near wall treatment. The rest options stayed default for the turbu-

lent viscous model.
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Figure 4.8: Turbulent Setup

4.3.1 Boundary Condition

After finishing the model setup, the boundary conditions has been set for laminar and

turbulent regime separately.

The momentum options for the mixture phase has been set as default for both laminar

and turbulent regime as can be seen in the Figure 4.9 and Figure 4.10. For the laminar

regime, Supersonic/Initial Gauge Pressure is set as 0 pascal and for the turbulent

regime, Supersonic/Initial Gauge Pressure is set as 0 pascal, Specification Method is

set as Intensity and Viscosity Ratio, Turbulent Intensity as 5 % and Turbulent Viscosity

Ratio as 10.
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Figure 4.9: Boundary Condition Laminar Regime

Figure 4.10: Boundary Condition Turbulent Regime

The particle and water phase has been set same for laminar and turbulent regime. An

illustration of setup can be seen in Figure 4.11, Figure 4.12 and Figure 4.13. For the

water phase, Velocity Specification Method is set as Magnitude, Normal to Boundary,

Reference Frame is set as Absolute and Velocity Magnitude is set as mentioned values.

For the particle phase, Velocity Specification Method is set as Magnitude, Normal to

Boundary, Reference Frame is set as Absolute, Velocity Magnitude is set as mentioned

values and Granular Temperature is set as 0.0001 [m2/s2].

Figure 4.11: Boundary Condition Particle Setup

Figure 4.12: Boundary Condition Particle Setup-1
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Figure 4.13: Boundary Condition Particle Setup-2

4.3.2 Report Definitions & Monitors

To track the leaving particles from the outlets during the analyses, report definitions

& monitors had been defined for the inlet, outlet, outlet2.

For the inlet, outlet and outlet2, report definitions had been created for the mass flow

rate of particles’ phase for each boundary separately, to create monitors as the following

step. The values are obtained from each average over (time steps) which can be seen

in Figure 4.14. Same setup was done for outlet and outlet 2.

Figure 4.14: Report Definition for Inlet

The monitors have been created for particles’ inlet and outlet to the lamella geometry.

To create the monitors, the report definitions had been used. To track leaving particles

from outlet, the mass-part-outlet has been added and data has obtained for every time
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step where X-Axis represents the flow time and Y-Axis represents the mass flow rate,

which can be seen in Figure 4.15. To track total values of particles for inlet and outlets,

all available report definitions have been added and data has obtained for every time

step where X-Axis represents the flow time and Y-Axis represents the mass flow rate,

which can be seen in Figure 4.16.

Figure 4.15: Monitor Plot Outlet

Figure 4.16: Monitor Plot Inlet-Outlet-Outlet 2
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4.4 Results & Comparison

The post-processing results in ANSYS Fluent for transient simulations had been done

for a 0.1s time step until the figure of the monitor plots reached a steady state. An

example can be seen from the results in Figure 4.17 & Figure 4.18 where particles are

leaving from the geometry.Hence, the mass flow rate has negative values. The analyses

had been done for 15-30-45 degrees. The velocity magnitude of 0.01-0.05-0.075-0.1-

0.125-0.2 [m/s] for 15 degrees and 0.05-0.075-0.1-0.125-0.2 [m/s] for 30-45 degrees had

been used. The analyses had taken between 10 minutes to 23 hours for different angles

and velocity magnitudes for the system mentioned earlier and total flow time changes

between 25[s] to 8000 [s] .

Figure 4.17: Example Monitor Plot Outlet

Figure 4.18: Example Monitor Plot Inlet-Outlet-Outlet 2
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4.4.1 Effect of Velocity Magnitude

In this section, the effect of velocity magnitude on particles has been aimed to obtain.

The change of the volume fraction for different velocity magnitudes and its effect on

the sludge layer of the particles can be seen in Figure 4.19.

(a) 0.05 m/s (b) 0.125 m/s

(c) 0.2 m/s

Figure 4.19: Example- Against the Velocity Magnitude for 15 degree

The higher velocity effect can be seen on the sludge layer of the particles. The higher

velocity magnitude spreads the layer at the bottom of the clarifier and drags it to the

top. The change of the values for each velocity magnitude for a specific angle can be

seen in Figure 4.20. The particles are leaving from outlets, hence mass flow rate values

are negative in the following Figure.
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(a) 15 degree (b) 30 degree

(c) 45 degree

Figure 4.20: Mass flow rate regarding velocity magnitude of water

It can be observed from Figure 4.20 that when the velocity magnitude increases total

mass flow rate and mass flow of leaving particle increase. Also, the mass flow rate of

leaving particles from the outlet increases and, outlet 2 decreases. According to the

results, the sedimentation effectiveness is better for greater inclination angles.

4.4.2 Effect of Inclination angle

In this section, the effect of inclination angle on particles has been investigated. The

change of the volume fraction for different inclination angles and its effect on the layer

of the particles can be seen in Figure 4.21.
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(a) 15 degree (b) 30 degree

(c) 45 degree

Figure 4.21: Visual against the Inclination angle

The greater inclination angle effect can be seen on the layer of the particles. The

greater inclination angle drags the layer of the particles to the bottom of the clarifier

and reduces the amount of leaving particles from the outlet. The change of the values

for each inclination angle for a specific velocity magnitude can be seen in Figure 4.7.

The particles are leaving from outlets, hence mass flow rate values are negative in the

following Figure.

(a) Outlet (b) Outlet2

Figure 4.22: Mass flow rate at outlet regarding the inclined angle

It can be observed from Figure 4.22 that when the inclination angle increases, the

mass flow rate of leaving particle from outlet increases, and outlet 2 decreases. Also,
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the total mass flow rate increases as the outlet increment are higher than outlet 2’s

reduction rate.

When the inclination angle increases, the fraction of particles leaving the top outlet de-

creases, which means that the sedimentation effectiveness increases. Hence, for greater

inclination angles with the same velocity magnitudes, larger amount particles will sed-

iment at the bottom of the system and it’ll increase the effectiveness of the device. On

the other side, if the angle would be much larger close to a 90-degree vertical column

then the particles would not sediment at all as the terminal velocity is much smaller

than the inlet velocity.
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Conclusion and Discussion

In conclusion, first set of analyses with basic vertical column geometries have been car-

ried out. The comparison between Euler and DDPM model has been done to choose

most fitting model for the GCI (time-step) analysis and consequent simulations. The

results indicate that the Euler model can give the same results for larger time steps.

Therefore, it saves much more computational time, and has less computational demand

than DDPM model. In DDPM method, it’s necessary to use smaller time steps. The

sufficient time step is approximately 10 times smaller than the Euler method’s 0.1s

time step, otherwise, the incomplete particle tracking error occurs after a time.

For the time step analysis (GCI), it’s hard to adapt that method to DDPM-KTGF

model because of the non-continuous (particle) phase of the model, and that makes

it hard to obtain balanced data from the slope of sedimentation analysis. Therefore,

the Eulerian-Granular model is the better option for optimizing time steps rather than

the DDPM-KTGF model for smaller particle analyses, which is highly time-consuming

and computationally demanding.

Several analyses have been done with simplified geometries to find optimal time steps

for specific sedimentation analysis. As a result of time step analysis, Euler model error

rate (%) increases while the time step and total time are increasing. At the same

time, the error ratio of the bigger time steps growth rate decreases, and the error ratio

difference with the smaller time steps decreases. The optimal time step for the Euler

model has been determined as 0.1 seconds.

Similarity analysis has been done to verify the possibility of using larger particle size

instead of real particle size. Analysis with x µm sized particles is highly computational

demanding and can take up to several days. Equation 3.32 had been used to compare

the different sized particles sedimentation layers. The result of the first set of analyses

65
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show that bigger particles can be used to reduce analysis time. Then, the Euler model

and DDPM model had been compared against the real experimental data. As a result

of the comparison, the Euler model is the better one and it has been decided to use

for further analysis.

Furthermore, higher velocity shows effect on the sludge layer of the particles. The

higher velocity magnitude expand the layer at the bottom of the lamella clarifier de-

vice and drags it to the top. The change of the values for each velocity magnitude for a

specific angle can be seen in Figure 4.20. The particles are leaving from outlets, hence

mass flow rate values are negative in the following Figure. When the velocity increases

total mass flow rate and mass flow of leaving particle exponentially increasing. Also,

the mass flow rate of leaving particles from the outlet increases, and from outlet 2 de-

creases. According to the results, the sedimentation effectiveness is better for greater

inclination angles.

Figure 4.22 shows that when the inclination angle increases, the leaving mass flow rate

of particles from outlet increases, and from outlet 2 decreases. The total mass flow

rate increases as the outlet growth rate is higher than outlet 2’s reduction rate.

When the inclination angle increases, the fraction of particles leaving the top outlet de-

creases, which means that the sedimentation effectiveness increases. Thus, for greater

inclination angles with the same velocity magnitudes, larger amount particles will sed-

iment at the bottom of the system and it’ll increase the effectiveness of the device. On

the other hand, when the angle becomes close to a 90-degree then the particles would

not create a sediment layer at all as the terminal velocity is much smaller than the

inlet velocity.

Table 5.1 expresses the effectiveness of leaving particles mass flow rate from the outlet.

Where can be seen the effect of inclination angle and velocity magnitude clearly.

velocity magnitude [m/s]

0.01 0.05 0.075 0.1 0.125 0.2

incl.

angle

15° 100 99.99995 99.11805 80.78878 63.25276 33.52362

30° 100 99.99999993 99.9969 99.59277 89.64826 51.54205

45° 100 99.99999994 99.999995 99.97829 99.33119 63.2042

Table 5.1: Percentage (%) of Leaving Particles from Outlet 2
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The critical velocity for 99 % effectiveness of lamella clarifier can be calculated by lin-

ear interpolation for each inclination angle. For the 15 degree, this velocity is between

0.075 [m/s] to 0.1 [m/s], for 30 degree, 0.1 [m/s] to 0.125 [m/s] and for 45 degrees,

0.125 [m/s] to 0.2 [m/s]. The results for 15 degrees is 0.075137 [m/s], for 30 degrees

0.10149 [m/s] and 45 degrees 0.125688 [m/s].

The present work is mainly aimed at reducing the computational demand and finding

the optimal setup for the sedimentation analysis. Furthermore, to optimize the time

step for the chosen model, GCI analyses had been used.

For further development, the number of analysis can be widened to find optimum

inclination angle and velocity for the desired design of the lamella clarifier. Addition-

ally, to fasten the sedimentation progress and get higher mass flow rates, a two-step

lamella clarifier can be used. The first clarifier tank can have a higher velocity mag-

nitude to reduce the number of particles faster during the first step and the second

clarifier tank can have the optimal velocity to obtain higher effectiveness for the device.
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