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Abstract

The aim of the thesis was to optimize the flocculation process of PVC-particles
in a thickener tank to increase the separation of microplastics from the industrial
drain. This was set to be solved by both testing different flocculation concentrations
on-site and by simulating the flow dynamics in ANSYS Fluent. A base model of
the tank was developed by calibrating CFD data to match laboratory results. This
calibrated model was later used to evaluate the effects of flocculant dosage, PVC
inlet concentration and PVC particle size on separation performance. Ultimately, it
became clear that particle size was the most critical factor. Fine particles (0.5-1 ym)
significantly reduced separation efficiency compared to coarser PVC types (50-250
pm). Additionally, the study identified an optimal PVC inlet concentration (200
mg/L) and flocculant dosage (100 L/h) that minimizes both PVC and flocculant
waste.

Keywords: flocculation, CFD, multiphase flow, thickener tank, pvc separation,
wastewater treatment
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List of Acronyms

Below is the list of acronyms that have been used throughout this thesis listed in
alphabetical order:

CAD - Computer-Aided Design
CFD - Computational Fluid Dynamics
EDC - Ethylene Dichloride
E-PVC — Emulsion-Polyvinyl Chloride
HCI - Hydrochloric Acid
NaCl — Sodium Chloride
NaOH - Sodium Hydroxide
PAC — Polyaluminum Chloride
PAM — Polyacrylamide
PVC — Polyvinyl Chloride
RPM — Rotations per minute
SIMPLE — Semi-Implicit Method for Pressure-Linked Equations
S-PVC — Suspension-Polyvinyl Chloride
VCM - Vinyl Chloride Monomer



Nomenclature

Below is the nomenclature of parameters, variables and indices that have been used
throughout this thesis.

A — pre-exponential factor (1/s)
Ajnles — cross-sectional area of the inlet (m?)
Cp — drag force coefficient (—)
Cnac1 — NaCl concentration (kg/m?)
Cpve — PVC concentration (kg/m?)
D, — particle diameter (m)
E, — activation energy (J/mol)
F}, — interphase interactions (N)
g — gravitational acceleration (m/s?)
g; — gravitational acceleration component (m/s?)
k — reaction rate (1/s)
1 10— mass flow of floc product in outflow (kg/s)
1y — mass exchanged between phase k and [ (kg/s)
mpyc— mass flow of pure PVC in outflow (kg/s)
Mawaste— Mass flow of total PVC waste in outflow (kg/s)
n — temperature exponent (—)
Qteca — volumetric flow rate of inflow (m?/s)
Qflocculant — volumetric flow rate of flocculant (m3/s)
Qoutflow — volumetric flow rate of outflow (m?3/s)
R — universal gas constant (8.314 J/mol - K)
Re — Reynolds number (-)
Re, — particle Reynolds number (-)
t — time (s)
T — absolute temperature (K)
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U — characteristic velocity (m/s)
U, . — velocity component i in phase k (m/s)
@ — fluid velocity (m/s)
V1 — sample volume (m?)
V, — volumetric flask volume (m?)
Vteed — velocity of inflow to tank (m/s)
vy — terminal velocity (m/s)
U — particle velocity (m/s)
x; — spatial coordinate (m)
Ofiocculant — Volume fraction of flocculant (—)
Qfioc — volume fraction of floc product (—)
apyc — volume fraction of PVC (-)
ay, — volume fraction of phase k ()
e — dynamic viscosity of carrier fluid (Pa - s)
pe — density of carrier fluid (kg/m?)
pr — density of phase k (kg/m?)
ppve — density of PVC (kg/m?)

T;k — stress tensor (Pa)
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Introduction

A brief overview of the environmental and industrial context of PVC production and
wastewater treatment helps clarify the focus of this thesis. The impact of plastic
waste, the relevant chemical processes at INEOS Inovyn and the purpose of the
thesis are presented below.

1.1 Background

With increasing environmental regulations, industries are required to reduce mi-
croplastic emissions from wastewater. At INEOS Inovyn, efforts are focused on
improving wastewater treatment efficiency to recover more of produced Polyvinyl
Chloride (PVC) and thus minimize environmental impact. This is set to be done by
optimizing the existing separation process of the industrial drain.

1.1.1 Impact of Industrial Plastic Waste

Plastics and microplastics enter the ocean through various routes, including direct
discharge from chemical plants. Microplastics and associated chemicals have been
found in seafood, posing a risk to human health through consumption. These con-
taminants can cause various health issues, including cancer and endocrine disruption
[1] [2]. The degradation of plastics further releases greenhouse gases such as methane
and ethylene, contributing to climate change. The presence of plastics disrupts ma-
rine ecosystems by altering habitats and facilitating the spread of invasive species,
which can lead to a loss of biodiversity and changes in ecosystem functions [1]. The
ethical dimension of this issue lies in the responsibility to mitigate harm caused
by industrial activities, acknowledging the moral obligation to protect vulnerable
ecosystems, prevent human health risks, and address the long-term environmental
consequences of plastic pollution and climate change.

1.1.2 INEOS Inovyn

INEOS Inovyn is a leading producer of PVC and operates multiple facilities across
Europe, including one of its key production sites in Sweden, Stenungsund. The site
manufactures two main types of PVC: Emulsion PVC (E-PVC), which is commonly
used in coatings, adhesives, and textiles, and Suspension PVC (S-PVC), which is
used for rigid applications such as pipes and profiles.
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The production process begins with the manufacturing of vinyl chloride monomer
(VCM), a key raw material, which is synthesized from ethylene and chlorine. Apart
from PVC, byproducts such as NaOH, HCI and ethylene dichloride (EDC) are sold

as products as well.

The PVC production is carried out in batches across several production lines, and
the plant also features a dedicated wastewater treatment facility for recovering off-
spec PVC. INEOS Inovyn’s focus includes minimizing microplastic emissions and
optimizing the separation processes in their recycling systems to align with increas-
ing environmental standards. This makes their facilities an important case study
for exploring process efficiency and environmental impact in industrial wastewater
management.

1.1.3 Wastewater Treatment Facility

The wastewater from production is treated in a facility called PVC Recycling. The
goal is to extract as many PVC particles as possible from the wastewater before it
flows into the biological treatment plant and the recovered plastic can then be sold
as off-spec PVC.

106-02-03

Figure 1.1: PVC recycling process.

The first stage of recycling is the mixing basin, which serves as a buffer tank where
pH-adjustments takes place. The wastewater from PVC production contains vary-
ing amounts of PVC particles in different sizes, depending on the type of PVC being
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produced. From the mixing basin, the water is pumped to the thickener (circled in
figure 1.1), a type of sedimentation tank. Here, chemicals are added to the wastewa-
ter to promote flocculation. The thickener is designed with an inlet positioned deep
within the tank, ensuring that the sludge bed acts as a filter for incoming water.
The overflow from the thickener flows to the biological treatment plant, while the
sludge at the bottom is transferred to a filter press for further processing.

After the water has been treated in the tank, the overflow still contains an inadequate
amount of microplastics. One major factor affecting how much plastic remains after
the tank is the flocculation process, which largely depends on the concentrations of
added chemicals, the particle size distribution and the hydrodynamics of the flow.
However, increasing the flocculant dosage to improve separation comes at a cost, as
it leads to higher polymer emissions and increased operational expenses.

1.2 Purpose

The purpose of this thesis is to improve the separation of PVC particles from the
industrial wastewater stream at INEOS Inovyn by optimizing the sedimentation
process in the thickener tank. The project combines on-site laboratory analyses and
theoretical modeling through CFD simulations of the flocculation dynamics, com-
plemented with a literature review of comparable industrial separation processes.

Specifically, the objectives are:

o To quantify the separation efficiency and total PVC waste at different floccu-
lant dosages through laboratory experiments.

o To create and calibrate a CFD model that accurately represents the flow dy-
namics in the thickener tank when compared to experimental data.

o To investigate the effects of particle size distribution and flow conditions by
simulating the flocculation and sedimentation process for different cases using
the CFD model.
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Theory

A broad range of theoretical concepts was needed to understand the industrial sepa-
ration process, conduct the laboratory experiments and design the CFD simulations.
The relevant physical processes, chemical interactions and computational models are
presented below.

2.1 Thickener Tank

Thickener tanks are widely used in chemical processes, often to separate solid par-
ticles from a surrounding liquid, such as PVC-particles in an industrial drain. The
aim of thickener tanks is to separate the inflow into a denser fluid, containing solid
particles, by a combination of gravitational forces and a rotating scrape. To increase
those forces and thus enhance the separation, the PVC-particles are flocculated with
flocculants. The denser phase can then exit at the bottom of the tank. The clear
liquid phase is clarified from solid particles and can exit over the edges around the
tank [4].

2.2 Chemicals

The chemicals of interest in this thesis are the produced PVC and the flocculating
agents that are being used in the water treatment. Flocculation occurs in the process
when polyacrylamide and polyaluminium chloride are added to the industrial drain
containing PVC.

2.2.1 Polyvinyl Chloride (PVC)

PVC is a widely used synthetic polymer known for its unique chemical properties
and versatility in industrial applications. As mentioned, PVC is formed through
the polymerization of VCM. This process involves combining ethylene, a byproduct
of natural gas, with chlorine derived from the electrolysis of salt. The resulting
monomers undergo polymerization, creating long chains of polymers that form PVC
in a powder form. This powder is then processed with additives to achieve the de-
sired properties for various applications [3].

One of PVC’s standout features is its chemical stability and resistance to degrada-
tion. Its strong molecular bonds make it highly durable, allowing it to withstand
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harsh environments for decades without significant wear. This property is partic-
ularly valued in the construction industry, where PVC is used for pipes, fittings,
and insulation. Its resistance to chemicals, including acids and alkalis, also makes
it suitable for use in chemical processing equipment and containers [3].

There are, as mentioned before, two main types of PVC, emulsion-PVC and suspension-
PVC. Both of these sorts of PVC are always simultaneously produced in several,
various types at the site, making it difficult to draw conclusions on how the different
particles have affected the industrial drain. The difficulties arise from the two having
different physical properties, where E-PVC has a much smaller diameter than the
S-PVC. With that said, the size also varies between the different types of emulsion-
and suspension-PVC. The smallest produced E-PVC has a diameter of 0.5-1ym m
while S-PVC typically has a diameter of 50-250 pm.

2.2.2 Flocculating Agents

Flocculation is a key process in enhancing the separation of PVC particles from
industrial wastewater. It promotes the collision of solids and allows them to ag-
glomerate into larger, denser flocs that can then settle in the bottom of the tank
[8]. Sedimentation rates are significantly affected by the presence of flocculants;
measurements have shown an increase of of 423.5% compared to conditions without
chemical additives [13].

In thickeners, this process typically follows a two-step mechanism where one agent
first neutralizes particle surface charges of the feed, followed by flocculation through
mechanical bridging with a high-molecular-weight polymer. This process is illus-
trated in figure 2.1.

NEGATIVE NEUTRAL SETTLED
CHARGE CHARGE AGGLOMERATES

Figure 2.1: Two-step mechanism of flocculation.

2.2.2.1 Polyaluminium Chloride (PAC)

One flocculant used in the process is called ecofloc, which consists of Polyaluminium
chloride (PAC) in water. PAC is an inorganic cationic (positively charged) poly-
meric flocculant widely used in water and wastewater treatment [6]. It consists of
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pre-hydrolyzed aluminum species, making it more effective than traditional floccu-
lants like aluminum sulfate. PAC works by neutralizing the negative charges on
suspended particles in water, allowing them to form larger flocs, which can then
settle and be filtered out.

One of the key advantages of PAC is its high charge density, which enhances floc-
culation efficiency even at lower dosages compared to conventional aluminum-based
flocculants. It is also less pH-dependent, working effectively in a broader pH range,
typically between 7 and 9. PAC also generates denser and more compact flocs, im-
proving sedimentation and reducing the amount of residual sludge [6].

2.2.2.2 Polyacrylamide (PAM)

Along with ecofloc, BetzDearborn AE1128 is added. This is a high molecular weight
polymer consisting of anionic (negatively charged) polyacrylamide (PAM). It aids
in the clarification, thickening, and dewatering processes by forming long molecular
chains that bridge between particles, promoting the aggregation of the suspended
solids. The chemical is particularly effective in improving sedimentation efficiency
when combined with PAC, reducing carryover and enhancing sludge dewatering [7].
Both of these flocculants are pumped into the waste flow from PVC production be-
fore it enters the thickener.

2.3 Analytical Chemistry

The concentration of PVC particles in the industrial drain before and after the
thickener was analytically determined. This was done by analysing the amount of
chloride ions in the water samples in an ion chromatographer.

2.3.1 Ion Chromatography

An ion chromatographer identifies different amounts of cations and anions in a
liquid sample. The sample is pumped through a column, which has been filled
with negative and positive charged groups. Different ions will bond with different
intensity to the column, depending on their properties such as size and affinity. An
eluent will then run through the column and the ions will be washed away and exit
the column with it. Since the different ions have different bonding properties, they
will exit the column and entering the detector at different times, making it possible
to determine the amount of wanted ion [5]. When the amount of chloride anion is
detected, the concentration of PVC can be estimated in [mg/L].
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2.4 CFD Simulation Frameworks

Computational Fluid Dynamics (CFD) is a numerical method for analyzing fluid
flow, offering deeper insights than traditional empirical models [11]. Governing
equations for mass, momentum, and energy are solved, enabling simulations of mul-
tiphase interactions and reactive flows.

The simulation process begins with geometry modelling, where the geometry and its
boundaries are defined. This is followed by grid generation, dividing the geometry
into small computational cells. Next, appropriate models describing the flow are
selected and material properties like density and viscosity are then specified. While
single-phase flows can be modelled with high accuracy, multiphase systems such as
the PVC separation process require more advanced models for reliable predictions.
Boundary conditions are then set before the simulation is solved using the chosen
solver settings. Finally, the results are analyzed during the post-processing stage
[11].

2.4.1 Multiphase Model

The Eulerian-FEulerian multiphase model describes the statistical behavior of mul-
tiphase flow by averaging local properties over space and time [12]. It uses volume
fractions to represent the local number of droplets or particles, treating both the
dispersed and continuous phases as interpenetrating fluids with closure equations.
The model provides average values for volume fraction, velocity, and fluctuations
but does not resolve the properties of individual particles or droplets. Each particle
is further assumed to geometrically resemble a perfect sphere. It can be derived
through volume averaging (which is most relevant for this case), ensemble averag-
ing or probability density functions. The Eulerian-Eulerian model has been used
to successfully predict the behavior of many large-scale multiphase flows, such as
of fluidized beds and turbulent fluid-particle flows, making it a suitable option for
modelling industrial processes [12].

Euler—Euler is derived from the Navier—Stokes equations and adapted to account for
the interactions between continuous and dispersed phases. By solving the conser-
vation equations 2.1-2.3 for each phase individually, the model captures momentum
exchange, phase volume fractions, and interfacial forces in multiphase flow systems.

=1 (2.1)

Oawpr  OagprU; P .
ko — 2.2
ot + o, 1:1(mkl o) (2.2)
daprUs aakpkUikUjk or aOéijk
’ = — — — i + F; 2.3
ot + oz, A ox; + oxy, +ORPRGE T+ ik (2:3)
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The constraint in equation 2.1 ensures that the total volume fraction of each phase
sums to one. Equation 2.2 accounts for phase mass transfer, where 7, represents
the mass exchanged between phase k and phase [. The final equation describes the
phase momentum, including pressure effects, a stress tensor 7, gravitational forces,
and interphase interactions Fj. Solving these equations is numerically challenging
due to the need for closure models for interphase forces and stress terms [11].

2.4.2 Chemical Reaction Model

Including chemical reaction modelling in the simulation is essential for describing the
flocculation of dispersed PVC particles with the ecofloc and polymer. The reaction
kinetics can be defined using the Arrhenius equation, where the reaction rate k
depends on temperature and the concentrations of reactants:

k= AT"e ™ #t (2.4)

where A is the pre-exponential factor, T is the absolute temperature, n is the tem-
perature exponent, F, is the activation energy and R is the universal gas constant.
This allows the software to compute k dynamically during the simulation, depending
on the local temperature field. If the energy equation is disabled, ANSYS Fluent
assumes a constant temperature, so the T in this equation won’t change spatially
or over time [17]. The reaction kinetics influence the formation rate of flocs, which
in turn affects phase interactions and sedimentation.

The species transport model in Fluent allows definitions of reactions that represent
physical or chemical interactions and solve the governing equations for the reacting
phases, even if they are not traditional chemical reactions [17]. Since flocculation
is a physical aggregation process rather than a strict chemical reaction, simplified
stoichiometric ratios are commonly used in CFD modeling to describe the buildup
of flocs.

2.4.3 Flow Regime

The flow regime in fluid mechanics is often characterized by the Reynolds number,
defined as:

~pUL

ILLC
where p, is the carrier fluid density, U is the characteristic velocity, L is a character-
istic length scale, and . is the carrier fluid dynamic viscosity. Flows with Re < 2300
are typically considered laminar, whereas flows with Re > 4000 are considered tur-
bulent, with a transition region in between [11]. For laminar flows, a turbulence
model does not have to be applied in the CFD simulation.

Re

The motion of particles in a fluid is governed by Newton’s second law, where the
total force acting on a particle equals its mass times acceleration [12]. Several forces
can act on a particle, such as hydrodynamic drag, lift, buoyancy and gravitational
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forces. The drag force depends on the relative velocity between the particle and
fluid, which is characterized by the particle Reynolds number:

_ D,Ji—lp.
[he

where D, is the particle diameter and @ and ¥ are the fluid and particle velocities
respectively [12].

Re, (2.5)

Stokes’ sedimentation theory describes how spherical particles reach a constant set-
tling velocity based on a balance of all forces acting on them [27]. For small particles
in viscous-flow conditions where Re,<1, the relationship is defined by Stokes’ law
in equation 2.6.

(pp - pt:)gﬂz
e e 2.
vt 18 - pe ( 6)

where v; is the terminal velocity and g is the gravitational acceleration. As can be
seen, the settling velocity is proportional to the square of particle diameter. This
means that as the particle size decreases, the settling rate becomes increasingly
small.

2.4.4 Drag Force Model

It is convenient to express the steady drag force on particles in terms of a the
drag coefficient Cp, which can be modelled in different ways in CFD. The Schiller—
Naumann drag model is an empirical correlation used to calculate the drag force
between the fluid and dispersed particles. The drag coefficient C'p is defined as a
function of the particle Reynolds number Re,, according to the following expression:

Rep

o _ Ja (1+0I5RGHT) Re, < 1000
P70 0.44, Re, > 1000

This correlation is applied within the drag force term of the Euler-Euler multi-
phase model to describe momentum exchange between the continuous and dispersed
phases. It is suitable for spherical particles and is widely used in dense particle sus-
pensions [14].

The Morsi-Alexander drag model is an empirical correlation that instead expresses
Cp as a polynomial function of the particle Reynolds number Re,. Unlike simpler
correlations, it introduces a piecewise formulation with different coefficients depend-
ing on the Reynolds number range:

A B
Cp=5—+———+C
Re, Re,
The constants A, B, and C' vary depending on the value of Re,, allowing the model
to account for a wider range of flow conditions. This makes it suitable for use in
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systems with varying particle sizes and flow regimes. The model was originally
developed based on experimental data for spherical particles in uniform flow [14].

2.4.5 Discretization and Coupling

Upwind schemes are numerical methods where the face values depend only on up-
stream conditions. In the first-order upwind scheme, the face value between two
cells is simply set equal to the value in the nearest upstream cell, ensuring physical
reliability for convective flows. This approach works well when convection dominates
and the flow is aligned with the grid. It is bounded and robust at a low computa-
tional cost. However, it may introduce numerical diffusion and can be replaced by
higher-order schemes for higher accuracy [11].

Pressure-velocity coupling ensures an accurate simulation of fluid flow by linking
pressure and velocity fields. This coupling is essential for solving the Navier-Stokes
equations, which describe the motion of fluid substances. The SIMPLE (Semi-
Implicit Method for Pressure-Linked Equations) algorithm is a widely used method
that is known for its robustness and simplicity. The algorithm operates by guessing
a pressure field, solving the momentum equations to compute velocity fields, and
then correcting the pressure and velocity fields iteratively to satisfy the continuity
equation [19].
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Literature Study

To identify effective strategies for improving PVC separation, relevant findings from
previous studies have been reviewed. The literature covers optimal mixing condi-
tions, chemical dosing strategies, particle size effects and operational challenges such
as floc bed formation.

3.1 Optimal Mixing and Chemical Dosing

The American Water Works Associasion identified optimal mixing conditions for
microplastic removal on a laboratory scale using a two-step stirring protocol: an
initial rapid stirring phase at 240 rpm for 1 minute, followed by slow stirring at
35 rpm for 13 minutes [23]. In this experiment, the water was combined with 0.4
mmol/L PAC and 3 mg/L PAM at pH 8. This treatment setup achieved removal
efficiencies above 95% for various microplastic types, including PVC. The results
highlight the importance of sufficient initial mixing to ensure proper flocculant dis-
persion and effective particle aggregation prior to sedimentation, and confirm that
PAM and PAC is an optimal combination of flocculants.

A study from the Journal of Central South University further confirms that it is op-
timal to apply a dual flocculation process, as using the advantages of two polymers
enables different flocculation mechanisms to operate in sequence [24]. Optimal re-
sults were found using one anionic and one cationic polymer, as the anionic flocculant
captures fine particles (<100 pm) while the cationic flocculant promotes regrowth of
broken flocs via charge neutralization. Together, they effectively trap fine particles
and form large, stable flocs. Important to note however, is that the finest produced
particles in the thickener tank are still significantly smaller than 100 pm.

3.2 Optimal PVC Inlet Concentration

From a study on thickeners in the Gol-e-Gohar iron ore complex in Iran, diluting
the feed to the tank was found to significantly enhance flocculation [16]. The tanks
were consuming too much flocculant simoltaneously as the recycled water had large
amounts of suspended solids, and it was found that the high solid content of the feed
was one of the issues due to the low weight recovery of fresh feed. A diluting pump
was installed to decrease the average solid content of the feeds by 5%, which hade
huge effects. The required flocculant dosage decreased by 65% and the previously
problematic thickener overflow was clear and contained <250 ppm of waste [16].

11
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3.3 Particle Size Effect on Flocculation

Particle size has a clear impact on separation efficiency. A study on enhancing
microplastic removal from natural water demonstrated that larger microplastic par-
ticles (250um to 1 mm) were removed with an efficiency of up to 95%, whereas
smaller particles (<250um ) showed significantly lower removal rates, around only
49% [23] . Another study on particle size measurements for monitoring flocculation
responses showed that even finer particles (<20 pm) reduce flocculation efficiency
significantly in thickener tanks [15]. Although coarse particles dominate volume-
based measurements, it is the fine particles that govern surface area and reactivity
with flocculants. Slurries with a high fraction of very fine particles required signif-
icantly higher flocculant dosages and often dilution to achieve acceptable settling.
The study highlights how many flows actually flocculate well at the correct solids
concentration for the correct particle size. However, there are physical limitations
on what can be achieved to optimize each of these things simultaneously.

These studies indicate that an increasing fines content in the inflow of the tank
negatively affects settling flux, while coarser particle distributions lead to more
efficient flocculation at lower dosages [15]. The findings underline the importance of
understanding the particle size distribution of the feed when optimizing the chemical
dosing and solids concentration, and perhaps mixing in more coarse particles into
the fine feeds could help.

3.4 Floc Bed Formation

A floc bed builds up at the bottom of the thickener, consisting of a fluidized zone
and a compression zone. As particles agglomerate and settle, the rotating scrape
promotes thickening and the underflow maintains an equilibrium in the system. If
a thickener does not preserve a mass balance (input — output = accumulation),
an excessive floc bed buildup can occur. This can lead to required shutdowns and
manual cleanouts. When solids accumulate too much at the bottom of the tank,
solids may overflow, underflow may become too dense to pump and a “doughnut” can
form which reduces separation. Further, the rotating scrape may overload and stop.
Coarse particles especially increase the torque load on the scrape as they rapidly
raise mechanical stress in the system [26]. To avoid these issues, bed pressure,
density and size distribution of the feed, torque and position of the scrape may be
adjusted. The intensity of turbulence within the thickener also affects the collision
and aggregation of particles, as high turbulence can lead to the formation of larger
flocs that settle quickly and form a dense bed [25].
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Laboratory Analysis

In order to practically evaluate the flocculation process in the thickener, water sam-
ples were collected from the inlet and outlet of the tank after adjusting the dosage of
ecofloc and polymer. The PVC concentration in the samples was analyzed to assess
separation efficiency, complemented by visual observations and photographs. Oper-
ational parameters such as flow rate and the type of PVC produced were recorded as
they influence particle behavior. The procedure was repeated with different chemical
dosages to optimize floc formation.

4.1 Calibration of Dosage Pumps

Before starting the laborative work, the pumps delivering ecofloc and polymer to
the thickener tank needed to be calibrated in order to enable measurements of what
chemical dosage they provided the feed with.

The ecofloc pump is flow compensated, meaning that the added concentration re-
mains proportional to the total water flow, which varies over time. The polymer
pump, on the other hand, delivers a fixed dosage [L/h] regardless of the flow rate.
This causes the effective polymer volume fraction to vary slightly depending on the
current water flow.

4.2 Collection of Samples

Water samples were collected both upstream and downstream of the thickener tank.
Before sampling, the dosage of ecofloc or polymer was adjusted manually by reg-
ulating the flow rate of their respective dosage pumps. Samples were taken after
allowing the system to stabilize under the new conditions for about 24 hours. At
least three samples were taken for each concentration case. The upstream sample
was collected from the mixing basin (basin 205-201 in figure 1.1), while the outlet
sample was taken from the thickener tank overflow. At each sampling point, rele-
vant process data such as the instantaneous flow rate and the type of PVC produced
were noted, as these parameters influence particle characteristics and sedimentation
behavior.

In addition to concentration measurements, visual observations of the water clarity
and the appearance of flocs were documented through photographs. The sampling
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and analysis procedure was repeated for different dosing conditions in order to eval-
uate the optimal ecofloc and polymer concentrations for efficient separation.

4.3 Analysis of PVC Concentration

To determine the concentration of suspended PVC particles in the collected wastew-
ater, water samples were filtered, processed and analyzed using ion chromatography.

A defined volume (10-250 mL) of wastewater was filtered through a 1.2 pm Milli-
pore filter to capture suspended solids, by letting at least 1 mg of material remain
on the filter. The filter was then rinsed with deionized water to remove chloride
residues and dried at 105°C for one hour. After drying, the filter paper was placed
in a Schoeniger flask and 15 mL of deionized water was added. The dried filter pa-
per was then wrapped in combustion paper and secured in a platinum holder. The
Schoeniger flask was subsequently filled with oxygen before ignition of the combus-
tion paper. The complete combustion process was conducted while tilting the flask
to protect the platinum components and ensure full oxidation, as shown in figure 4.1.

Following combustion, the flask was swirled to dissolve all combustion residues into
the water. After cooling, the liquid was transferred to a 50 mL volumetric flask
and further diluted to a level suitable for analysis. The sample was then analyzed
using a Metrohm 930 Compact IC Flex ion chromatographer, depicted in figure
4.2. The autosampler was prepared, and the analysis was conducted using the
NaCl-NaBr-NaySO, calibration method, with a 7-point calibration curve ensuring
accurate quantification.

Figure 4.1: Combustion process. Figure 4.2: Ton chromatograph.

The ion concentration was converted to PVC concentration using a pre-determined
conversion factor of 1.07, where the result in mg NaCl/L was recalculated to mg
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PVC/L based on the established relation between NaCl and PVC content. The
PVC concentration was calculated using the following equation,

a 1.07 x V;
Cpve = Cnvact XV U7 1o (4.1)
1

where Cpy ¢ is the PVC concentration, Cpy,c; is the resultant NaCl concentration,
1.07 is the conversion factor from NaCl to PVC, V; is the sample volume and V5 is
the volumetric flask volume. The complete separation of PVC was then calculated
accordingly:

C outle
%-separation = (1 - W) x 100 (4.2)

To find the total PVC waste in the water in [mg/h], the concentration was multiplied
with the outlet flow rate using the following formula.

mwaste = C1PVC X Qoutflow (43)

where Qoutfiow Was on average 79000 1/h. Tests were carried out on at least two
different samples for each polymer - and ecofloc dosage level respectively, in order
to account for other influencing parameters such as produced kind of PVC and flow
rate.

15



O

CFD Simulation

CFD simulations of the tank dynamics were conducted to capture the interaction
between water, suspended PVC particles, added chemicals and formed flocs under
varying conditions. Initial estimates of reaction parameters and material properties
were used to define a first version of the model, referred to here as the baseline
setup. These values served as a starting point for further refinement in the model
calibration section, to obtain more realistic flocculation behaviour and separation
performance.

5.1 Geometry and Meshing

The CAD model of the tank geometry was drawn in ANSYS DesignModeler and
was based on the sketch of the tank, showcased in figure 5.1. The full CAD model
is shown in Appendix A in figure A.1.

Figure 5.1: Sketch of the thickener tank.
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5. CFD Simulation

A 2D-axisymmetric rendition of the tank was made in order to cut down on com-
putational costs, while still maintaining a high accuracy considering the tank is
axisymmetric in reality. However, this decision meant neglecting the effects of the
rotating scrape. This was done since the rotational effects were deemed insignificant
as the rotating speed was only 0.16 RPM, but other effects from the scrape that
may be present were not accounted for in the simulations.

The generated mesh displayed in figure 5.2 was constructed with the guidelines
listed in table 5.1 in mind. To acheive a sufficient mesh quality, the shape used was
tetrahedral, the element size was set to 0.8 and refinement was applied to the whole
domain, resulting in 5251 cells.

Figure 5.2: Generated mesh.

Table 5.1: Mesh quality evaluation.

Metric Value Recommended
Aspect ratio < 3.64240 <5
Skewness < 0.60215 < 0.94
Orthogonal quality > 0.69837 > 0.15

Table 5.1 shows an evaluation of the mesh that reaches recommended values [11]
[21].

5.2 Physical Models

The simulations were conducted using the Euler—Euler multiphase model, with each
material being described as a separate phase. Chemical reactions were enabled using
the species transport model, with a reaction defined between PVC and the added
chemicals to form a separate floc product phase. The ecofloc and polymer were
combined into a single species, hereonafter referred to as just "flocculant’, to reduce
model complexity as both components are added simultaneously and act together in
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the flocculation process. Since simplified stoichiometric ratios are commonly used to
model physical aggregation processes, the reaction was defined to follow the form:

504 + 50B — C (5.1)

where A represents PVC particles, B is the added chemicals (flocculant and poly-
mer), and C'is the resulting floc. The use of equal stoichiometric coefficients (50:50)
reflects that both components are required in significant quantities to form a stable
floc, rather than assuming that a single reactant would dominate the process.

In the Arrhenius equation 2.4, the pre-exponential factor and activation energy val-
ues were estimated from literature [22]. The temperature exponent was set assuming
no significant dependence, and Fluent’s default normalization temperature was ap-
plied. The kick-off temperature of was selected to ensure that the reaction is active
throughout the tank. The values listed in table 5.2 were applied for the baseline
setup, and later altered in the model calibraton.

Table 5.2: Arrhenius reaction parameters used in the simulation.

Parameter Value
Pre-exponential factor [1/s] 1.0 x 10°
Activation energy [J/mol] 1.0 x 10*
Temperature exponent 0
Normalization temperature [K] 1
Kick-off temperature [K] 293

Thermal effects such as heat transfer or temperature-dependent behavior do not
need to be solved for as the temperature throughout the tank is constant, therefore
the energy equation was disabled in the simulation settings.

Although the Reynolds number right by the inlet suggests slightly turbulent condi-
tions, the flow rapidly decelerates directly after entering the tank due to the large
cross-sectional area and low overall flow energy. No turbulence model was applied
since the flow is laminar in nearly all regions of the tank and the main focus is the
laminar settling of flocs.

For phase interactions, the Schiller-Naumann drag law was used to model momen-
tum exchange between the continuous phase and each dispersed phase, as it is well-
suited for spherical particles in Newtonian fluids at moderate Reynolds numbers,
with the value for Re, being < 1000. Between the PVC particles and formed flocs,
the Morsi-Alexander drag model was applied to account for varying particle sizes.
Lift forces and virtual mass effects were not included in the simulations, since their
influence on flocculation was considered negligible due to the low relative velocities
and laminar flow regime. Interphase mass transfer was only accounted for in the
form of chemical reactions between species and not as physical transfer between
phases.
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5.3 Material Properties

Water properties were taken from literature [20], while other phase properties were
estimated due to a lack of detailed data. The values displayed in table 5.3 were
implemented as an initial estimate, and later altered in the model calibration.

Table 5.3: Material properties used for the different phases in the CFD model.

Property PVC  Flocculant Floc Product Water
Diameter [m)] 0.0005 0.00001 0.005 -
Density [kg/m?] 1300 1100 1200 998.2
Viscosity [kg/ms]  0.001003  0.001003 0.001003 0.001003
Molar mass [g/mol] 100000 1000000 1000000 18.0152

Diameters for PVC and formed flocs were based on production data and visual ob-
servations. The flocculant is added as a dilute polymer solution in which individual
polymer molecules are dissolved rather than existing as distinct solid particles, so
assigning a physical diameter this phase is not straightforward. To enable multi-
phase modeling in Fluent, a representative diameter of 10 ym was assumed based
on literature describing the hydrodynamic size of polymer solutions [18]. This value
does not represent an actual particle size, but rather serves as a transport scale for
drag and interaction modeling.

Similarly, densities of added chemicals and PVC were estimated from theoretical
data for similar chemicals, and for the floc product their average value was applied
[9] [10]. Since all materials are dispersed in water and present at low concentrations,
the overall flow behaves similarly to a water-based fluid which has a constant vis-
cosity. Thus, a viscosity equal to that of water was used for all phases.

Since the reactants consist of long chains of repeating units, their molar masses vary
with polymerization degree. A representative molar mass was assumed for PVC
based on typical values in industrial literature [8]. For the flocculant and polymer,
a molar mass which lies within the typical range for high molecular weight water
treatment polymers [7] was used, and the same was applied for the floc product.

5.4 Numerical Setup

Boundary conditions were defined based on the physical configuration of the tank.
A velocity inlet was applied to match the experimental flow rate, with the baseline
velocity calculated as

Vfeed = Qfeed X Ainlet (52)

where Q) is the volumetric flow rate and A is the cross-sectional area of the inlet.
Volume fractions at the inlet were calculated based on the average concentrations
and flow rates, with the following equations:
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Qfeed - Crve Qfeed
apyc = fee y  flocculant = fec (53)
PPVC Qflocculcmt

where « is the volume fraction, Q is the volumetric flow rate, C is the concentration
and p is the density.

Outflow outlets were applied at both the top and bottom of the tank. The division
of massflow was specified at the water - and PVC outlets with fractions of 0.9875
and 0.0125 respectively from flow data. No-slip conditions were applied at the tank
walls, while a free-slip boundary was used for the water surface. The temperature
throughout the whole process was held constant at 308K.

In order to reflect the realistic conditions inside the thickener tank, an initial bed
of floc product with a volume fraction of 0.4 was patched at the bottom of the tank
domain. This layer represents the settled flocs that accumulate during operation
and are influencing both sedimentation and flow distribution.

The simulation was run in transient mode, as both flocculation and sedimentation
are time-dependent processes. A steady-state assumption would not be suitable,
since it would fail to capture the gradual formation of flocs and the development of
dynamic concentration gradients throughout the tank. A first order upwind numer-
ical scheme was applied to decrease computational cost, and the SIMPLE algorithm
was used for pressure—velocity coupling. To ensure adequate temporal resolution and
numerical stability, a fixed time step of 0.01 s was used. Under-relaxation factors
were set to 0.3 for pressure and momentum, and 0.2 for volume fractions, following
recommended values for multiphase stability in Fluent [17].

Convergence was monitored through residuals for continuity, momentum and vol-
ume fraction. Solutions were considered converged when no further changes were
observed in outlet concentrations and volume fraction distributions. The conver-
gence criteria was set to 0.0001. Further, mass balance was monitored to ensure the
physical validity of the solution.

5.5 Model Calibration

To ensure that the simulation model reflected the physical behaviour observed in the
real system, an iterative calibration process was carried out for uncertain parameter
values. Further, a grid independence study was conducted in order to determine
whether the mesh was sufficient.

5.5.1 Iteration Cases

Starting from the baseline setup, uncertain parameters were adjusted and tested.
Each simulation was evaluated based on whether flocculation occurred as expected
and whether the separation efficiency was accurate. This evaluation was enabled
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since the separation efficiency could be compared to the laborative results. The
new, refined model then served as the foundation for the following case studies.

Table 5.4: Parameter values tested during model calibration.

Parameter Initial Value Tested Range Final Value
Stoichiometry 50A+50B 40A+50B, 50A+40B, 50A+50B
100A+50B, 50A+50B
Floc diameter [m] 0.00001 0.001-0.000001 0.00001
PVC volume fraction 0.0000769 0.0000769-0.0001154 0.0001154
Floc bed volume fraction 0 0-0.5 0.4
Pre-exponential factor [1/s] 100000 100-1000000 1000000

Table 5.4 summarizes the parameters with high uncertainty that were tested based
on the baseline setup. Each parameter was tested within a reasonable range based
on literature or process data. The final value was selected based on agreement with
laboratory results and simulation stability.

5.5.2 Mesh Sensitivity Analysis

To assess the appropriate mesh density for achieving grid-independent results, two
new grid variations were evaluated along with the original with 5251 cells. Refined
Mesh 1 had 10213 cells and was refined in regions of very high PVC volume fraction
gradients shown in figure 5.3. Refined Mesh 2 had 16069 cells and was refined in all
zones where PVC volume fraction gradients were moderately high shown in figure
5.4. Each grid satisfied the criteria listed in table 5.1.

Figure 5.3: Grid adaption zone used Figure 5.4: Grid adaption zone used
for Refined Mesh 1. for Refined Mesh 2.

For each mesh, the variation in PVC volume fraction in the water outlet during the
first few seconds right before converging was tracked using the calibrated model.
Results were then plotted in figure 5.5 for comparison.
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Figure 5.5: Comparison in performance between the three meshes.

It is clear that the three meshes provided very similar results. Although the two
refined meshes showed closer agreement with each other than the original, these
deviations were considered negligible. Monitors of outlet concentrations of flocculant
and floc product were analyzed as well, but no difference could be seen for the three
meshes. Therefore the original mesh was retained to reduce computational cost
without compromising accuracy.

5.6 Simulation Cases

Simulations were conducted using the calibrated CFD model for varying inlet dosages
of both flocculant and PVC, and for different particle sizes of PVC in the following
cases.

The first simulation was that of the calibrated model, which was perfected to show-
case flocculation, sedimentation and separation as realistically as possible, with av-
erage values applied for the fluctuating parmeters. Separation of PVC, flocculant
consumption and total waste in [g/h] were evaluated from surface integrals by the
water outlet, using the following equations.

) QPVC,outlet T Afloc,outlet
%-separation = [ 1 — == O ] x 100 (5.4)
QPVC,inlet
. Qg lant,outlet
%-consumption = [ 1 — ——OE ) % 100 (5.5)
Oflocculant,inlet
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mwaste - mPVC + mfloc (56)

Each of the parameter studies that were carried out following the original case are
listed below:

e A Chemical Dosage Study was conducted in order to complement the lab-
orative work. The effect of different inlet flocculant concentrations was inves-
tigated with the goal of determening the minimum required amount. Tested
volume fractions ranged from 0.00001-0.01, which corresponds to dosages of
0.8-800 L/h. Separation, total PVC waste and flocculant consumption were
calculated using equations 5.4-5.6.

« A PVC Particle Size Study was conducted, where the effect of the dif-
ferent produced S-PVC and E-PVC types was investigated, also as a way of
complementing the laborative work. Tested diameters ranged from 0.005 pm
- 500um, where the size of floc product was always assumed to be larger by a

factor of 100. Separation and total PVC waste were calculated using equations
5.4 and 5.6.

« A PVC Production Study was conducted, where the effect of different PVC
inlet concentrations was investigated, since this also varies on-site and stud-
ies suggested dilution of the flow can improve separation efficiency. Tested
concentrations ranged from 15-1000 mg/l, which was translated to volume
fractions using equation 5.3. These corresponded to a volume fraction range
of 0.00001155-0.00076923. Separation, total PVC waste and flocculant con-
sumption were calculated using equations 5.4-5.6.
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Results and Discussion

The results from both the laboratory expermients and the simulations are pre-
sented below. This combination approach enabled both validation of the CFD model
against real data and prediction of new operational scenarios.

6.1 Laborative results

The results obtained from the laborative analyses are showcased below for different
dosages of polymer, ecofloc and varying PVC particle sizes.

6.1.1 Polymer Dosage

When logging the data from the exact times the samples were taken, it was clear
that only the standard sized particles are being produced most of the time. This
meant that the results included for the dosage-studies were those obtained for the
days the larger kinds of PVC were being made, as there was enough data points.

. PVC Separation for Polymer Dosages

- —
/“ ‘--"-'-..
- —_——
- S—
95 - -

85|

80

Separation [%]

75 |

70

® Tested Sample
— — Mean

65 1 | | | 1 1 | | | 1 ]
131.5 132 132.5 133 133.5 134 134.5 135 135.5 136 136.5

Polymer Dosage [L/h]

Figure 6.1: Separation in % for different dosages of polymer.
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The separation efficiency of PVC in % for different polymer dosages is shown in
figure 6.1, with error bars for the standard deviation and a line going through the
average value for each dosage. It is clear to see that increasing the amount of polymer
did not have any effect on the separation, and the deviations that were observed in
separation are most likely caused by other factors. For instance, since the polymer
pump is not flow compensated like the ecofloc pump, the volume fractions varied
with flow rate which can explain some of the deviation in results. Due to this lack
in change, it was further investigated in the CFD simulations what the minimum
required dosage of flocculant would be. Total PVC waste ranged from 257.54-1703.24
g/h and a graph of this is shown in Appendix C in figure C.1.

6.1.2 Ecofloc Dosage

The same logic was applied to the ecofloc dosage study, where plotted results are
those of standard size PVC production.

100 PVC Separation for Ecofloc Dosages
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Figure 6.2: Separation in % for different dosages of ecofloc.

The separation of PVC in % for different ecofloc dosages is shown in figure 6.2 with
error bars for the standard deviation and a line through the average values for each
dosage. Even though it appears to be a decreasing trend with increased flocculant, it
would not make sense and since the variations are very small they are likely caused
by other, external factors like for the polymer dosage case. Total PVC waste ranged
from 642.42-1689.81 g/h and a graph of this is shown in Appendix C in figure C.2.
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6.1.3 PVC Separation for Fine Particles

More interesting results could be observed when comparing the effect of different
PVC particle sizes.

PVC Separation for Fine Particles

100 -

Separation [%]

Fine Particles Standard Particles

Figure 6.3: Separation in % for two different kinds of produced PVC types.

When finer PVC particles were being produced, a very drastic decline in separation
could be observed as showcased in figure 6.3. The red bar with low separation
includes a special type of E-PVC particles of sizes 0.5-1 pm while the blue bar with
high separation consists mainly of S-PVC patricles of sizes 50-250 um. The total
PVC waste ranged from 257.54-1703.24 g/h for standard size and 2750.78-4839.54
g/h for the finer size. A graph of this is shown in Appendix C in figure C.4.

26



6. Results and Discussion

6.2 CFD simulation results

The results from the CFD simulations are first presented for the calibrated model
aiming to replicate an average case, followed by results from the three case studies.

6.2.1 Calibrated Model

The resultant separation of PVC and total PVC waste found through the calibrated
CFD model compared to the average values found from the laboratory experiments
for standard sized particles are shown in table 6.1. Further, the flocculant consump-
tion was found to be 70.82%.

Table 6.1: Separation efficiency for the calibrated model compared to experimental

data.
Method PVC Separation [%] Total PVC Waste [g/h]
Calibrated CFD Model 92.33 903.54
Experimental Analysis 94.32 893.93

The slight deviation in result from the two methods was deemed insignificant, es-
pecially considering the separation from laboratory results ranged from 86.63-99.05
% and the total waste ranged from 257.54-1703.24 g/h, and the CFD results fell
inbetween the minimum and maximum. In addition, velocity vectors of the flow
and volume fraction contour plots of settling flocs were evaluated to calibrate the
model.

6.2.1.1 Convergence Assessment

Report monitors of the volume fractions of PVC and floc product flowing from the
water outlet were tracked and plotted in figure B.1, along with report monitors for
the division of massflow through the two different outlets. It is clear that each of
these monitors had stabilized before the 50 seconds it took for the floc product bed
to stabilize.
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6.2.1.2 Settling of Floc Product

The patched floc product beds by the edges of the tank sank along with the newly
formed flocs towards the bottom of the tank, further filling up the cone at the bottom
as shown in figure 6.4.
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Figure 6.4: Floc product bed settling behaviour.

This behaviour explains why the flow rate from the PVC outlet of the tank is
significantly lower than that of the water outlet. This bed, covering the bottom
domain of the tank, stabilized after about 50 seconds.
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6.2.1.3 Velocity Field Vectors
Directions of the flow field were evaluated by analyzing velocity vectors.
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Figure 6.5: Velocity field vectors after stabilization.

In figure 6.5, vectors of velocity magnitude that ranged from 0.00016 m/s to 0.176
m/s were plotted when convergence had been reached after the floc product bed had
settled. On both sides, upward flow near the walls and downward motion near the
center indicate large-scale recirculation. The flow is generally slow, especially near
the bottom outlet where sedimentation dominates. Some local backflow around the
PVC outlet can be seen. This behavior may occur due to the low flow velocities,
sediment accumulation near the outlet and the absence of a strong pressure gradient.
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6. Results and Discussion

6.2.2 Chemical Dosage Study

The results from the Chemical Dosage Study are presented in figures 6.6 and 6.7,
where each dot represents one converged simulation.
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Figure 6.6: Effect of flocculant dosage on PVC separation.

The separation efficiency for different flocculant levels in the simulations behaved
similarly to reality, as the entire range tested in the lab falls on the platau in fig-
ure 6.6. Since the separation does not seem to increase when the flocculant dosage
exceeds a value of around 100 L/h, it is likely sufficient to decrease the flocculant
dosage to this level in order to save money and use of chemicals. It is however im-
portant to note that the simulated combined flocculant does not perfectly translate
to the individual amounts of required ecofloc and polymer. Total PVC waste ranged
from 903.54-11865.60 g/h and a graph of this is shown in Appendix A in figure C.3.
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Flocculant Consumption for Flocculant Dosages
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Figure 6.7: Effect of flocculant dosage on flocculant consumption.

In figure 6.7 the % of consumed flocculant is plotted, with 100% being ideal and
leading to no chemical waste. It can be seen that the flocculant consumption rapidly
decreases after a dosage of around 100 L /h, as the excess flocculant after this point is
not able to react with the PVC. This further underlines the importance of reducing

the added chemicals to a level where excess flocculant pollusion is not unnecessarily
high.
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6.2.3 PVC Particle Size Study

The results from the PVC Particle Size Study is presented in figure 6.8.
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Figure 6.8: Effect of particle size on separation in logarithmic scale.

The results of the effect of varying PVC particle sizes shown in figure 6.8 are very
similar to the results found in the laboratory analysis in figure 6.3. As can be
seen, there is a rapid decline in separation that seems to happen when the diameter
decreases from around 10 to 1 pm. Before and after that, no drastic changes can
be observed. Note that the x-axis on the graph is in logarithmic scale. Total PVC
waste ranged from 909.22-3533.55, g/h and a graph of this is shown in Appendix C
in figure C.5. Stokes’ law in equation 2.6 shows that settling velocity increases with
the square of the particle diameter. This helps explain why very fine particles are
significantly harder to separate in sedimentation processes.
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6.2.4 PVC Production Study
The results from the PVC Production Study are presented in figures 6.9-6.11.
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Figure 6.9: Effect of PVC inlet concentration on separation.

As shown in figure 6.9, the separation for different PVC inlet concentrations has a
very distinct peak, as too low or high levels provide a drastically worse separation.
At very low concentrations, particle collisions become too infrequent to support ef-
fective flocculation and at high concentrations there is not enough flocculant for the
PVC to react with. The peak occured for a concentration of 200 mg/1, but a span
of 125-212 also generated separation efficiencies over 90 %. Diluting the feed seems
to be a promising suggestion as a strategy to keep separation levels high when inlet
concentration is higher than the optimum.
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Figure 6.10: Effect of PVC inlet concentration on total PVC waste.

For values higher than 200 mg/L, the total waste output will drastically increase
as the added flocculant becomes insufficient and there is excess PVC that can no
longer react. This can be seen in figure 6.10. For values below 200 mg/L, the total
waste output remains low due to the low input. It is important to note however,
that if the concentration levels are too low, excess flocculant waste will become an
issue.
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Flocculant Consumption for Inlet PVC Concentrations
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Figure 6.11: Effect of PVC inlet concentration on flocculant consumption.

As seen in figure 6.11, a PVC concentration below 200 mg/l means that excess
flocculant is unable to react with the PVC, leading to large amounts of flocculant
pollusion. It is therefore recommended to operate close to the peak of the separation
curve. These findings do however suggest that it could be possible to decrease the
concentration of PVC and added flocculant simoltaneously in order to save money
on flocculant, as long as the ratio of PVC to flocculant is optimal.
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6.3 Comparing CFD and Experimental Data

In order to validate the CFD results further than just comparing the calibrated
model to the average real-life case, the Chemical Dosage Study and PVC Particle
Size Study results could be plotted against the laborative results for further com-
parison.
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Figure 6.12: Comparing CFD and Experimental data for Chemical Dosage Study.

In figure 6.12, the separation over flocculant dosage is compared for the two methods.
In the CFD simulations, results are more stable, which makes sense considering there
are no other varying factors like in the real-life system where different PVC types,
PVC inlet concentrations and flow rates are present. The tested laboratory samples
presented in the graph represent a combination of ecofloc and polymer, like in the
CFD simulations, however simply adding the two dosages in this manner provides
some inaccuracy. With this in mind, the simulation follows the real-life values closely
and suggests the calibrated model provides accurate results.
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Figure 6.13: Comparing CFD and Experimental data for PVC Particle Size Study.

In figure 6.13, the separation over PVC particle size is compared for the two methods.
For this case, it is even more clear to see that the CFD model provides an accurate
representation of reality, considering the separation for the simulation curve aligns
with the bars from experimental data. However, the size range for the two bars does
not represent the entire produced distribution as multiple different PVC diameters
are always present in the flow simultaneously.

6.4 Limitations of the Study

Considering the large scope of the project and the lack of available data, there are
many aspects of the model that could be further improved. 3D flow effects and the
rotating scrape was not accounted for, no turbulence model was applied although
there is some turbulence right by the inlet and accuracy could be impproved by
applying a higher-order scheme and decreasing the size of the time steps. The
reaction parameters, stoichiometry, kinetics and some of the material data relied on
estimations and the two flocculants were combined into one. Furthermore, perfectly
spherical particles are assumed in the Fuler-Euler model, which is a limitation along
with the treatment of each phase as continuous. In the calibrated CFD model only
one PVC particle size was applied instead of the larger distribution that is present
in reality.
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6.5 Industrial Application

The most important aspect to focus on henceforth would be the PVC particle size
distribution, specifically the finest E-PVC types, and future research should focus
on solving this issue to reduce the microplastic emissions. Efforts could further be
made to keep the inflow more constant in regards to PVC concentration. A possible
solution to this problem could be to add a buffer tank before the thickener tank to be
able to regulate the PVC-flow. Even though a buffer tank is an expensive solution,
it would be economically favorable since the biological treatment after the thickener
tank is extremely expensive for the company with increasing PVC-concentrations.
Moreover, if the polymer pump could be made flow compensated, the total floccu-
lant dosage could be optimized with respect to the PVC concentration, independent
of the current flow rate. This would minimize both plastic and chemical waste while
saving the company money. A sufficient combined flocculant dosage was found,
however no optimum was found for the polymer:ecofloc ratio which could be in-
vestigated. Rapid stirring of the flow could further serve as a way of increasing
the separation efficiency in the tank. The best obtained laboratory separation of
99.05% was observed the day after the floc bed had been removed, so removing this
more often could potentially help with the problem as well. There is potential that
monitoring bed pressure, torque and scrape position could further prevent the need
of shutting down and cleaning out the excessive floc bed.
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Conclusion

Industrial microplastic pollution poses serious environmental and ethical concerns,
as plastic waste released from chemical processes can harm marine ecosystems, con-
tribute to climate change and threaten human health. This study addressed one
aspect of that challenge by investigating how to improve the removal of PVC from
industrial wastewater. This was done through combined laboratory experiments and
CFD simulations. A calibrated CFD model was developed to replicate experimental
results and was used to study the effects of flocculant dosage, PVC concentration,
and particle size. For further research, the CFD model could be recreated using a
full 3D model to also account for the effects of the rotating scrape.

The laboratory results showed no significant difference in separation performance
for standard particles (50-250 pm) within the tested ranges of polymer (131-136
L/h) or ecofloc (7.2-8.7 L/h), staying between 86.63-99.05%. However, the type
of PVC being produced had a substantial impact as the finer particles (0.5-1 pm)
led to a drastically lower separation of only of 58.44-74.62 %. The calibrated CFD
model successfully reproduced separation efficiency, total PVC waste and the set-
tling behavior of the floc bed in the real system, and was further validated as the
results from the case studies matched experimental trends.

From the Chemical Dosage Study, it was found that the current flocculant dosage
lies on a plateau of peak separation performance, meaning the available PVC has
already reacted and there is excess flocculant. Results indicate that the dosage could
likely be reduced to 100 L/h without affecting performance, which would reduce both
chemical cost and flocculant waste. This could be regulated if the polymer pump
was made flow compensated and the inflow concentration was held constant. For
future research, efforts could be made to try and find the optimal polymer:ecofloc
ratio, as the two were treated as one in the study.

The PVC Particle Size Study showed that a sharp drop in separation efficiency
occurs when PVC particle size decreases to the micrometer scale. This is likely
explained by Stokes’ law stating that smaller particles settle more slowly due to
reduced gravitational force relative to drag, making them more difficult to floccu-
late. One idea to deal with this would be mixing in coarser particles into the feed
during high fines content production, though this approach requires further research.

Optimal separation was achieved with an inlet concentration of 200 mg/L in the
PVC Production Study. If the levels are too low, excess flocculant waste will be-
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come an issue, but if they are too high, there will instead be excess PVC waste. This
suggests that the process could benefit from flow regulation, either by diluting high-
concentration flows by added water or by reducing flocculant dosage during low-load
periods. To keep the PVC inlet concentration at an optimal, constant level, a buffer
tank could potentially be installed before the thickener tank.

The thesis identifies particle size as the most critical parameter for flocculation
performance. While flocculant dosage and PVC concentration appear to be near
optimal under current conditions, further improvements could be achieved by focus-
ing on the particle size distribution in the inflow, especially during production of
the finest E-PVC types. Future work could investigate how to improve separation
of these fine particles, either through process modifications or operational changes.
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A

CAD Model of the Thickener Tank

H11

Figure A.1: CAD-Sketch of the 2D axisymmetric thickener tank.

Table A.1: CAD model dimensions.

Side Dimension [m]

Hi1 0,065
H14 3,454
H17 0,01
H20 0,545
L13 0,66
V12 0,2

V16 0,03
V18 2,12
V19 1,62

V21 15



CFD Convergence Monitors
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Figure B.1: Convergence monitors for calibrated model.
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Total PVC Waste Data
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Figure C.1: Total Waste for different dosages of polymer from laboratory analysis.
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C. Total PVC Waste Data
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Figure C.2: Total Waste for different dosages of Ecofloc from laboratory analysis.
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Figure C.3: Total Waste for different dosages of flocculant from CFD simulation.

IV



C. Total PVC Waste Data
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Figure C.4: Total Waste for different PVC particle sizes from laboratory analysis.
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Figure C.5: Total Waste for different PVC particle sizes from CFD simulation.
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