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ABSTRACT 

In this project, the flow field characteristics of the simplified 2D rectangular primary 

sedimentation tank in Syvab wastewater treatment plant were achieved by a transient 

water-air two phases finite-volume method, applying Volume-Of-Fluid (VOF) model. 

RNG k-ε turbulence model was also employed to calculate the turbulent kinetic energy 

and its dissipation rate. The undesired hydraulic phenomenon for solid sedimentation 

was detected in original tank. To reduce the velocity and turbulence intensity of the 

influent, two categories of optimization methods were proposed, which are installing 

the baffle and changing the velocity inlet. The modifying effects of different methods 

were compared by the velocity profiles and the contours of kinetic energy. It turns out 

that both ways provide a preferred condition for particle settling. In the end, further 

research was forecasted and the work direction were given. 

 

Keywords: VOF model; RNG k-ε model; velocity; turbulence; primary sedimentation 

tank; 
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SAMMANFATTNING 

I detta projekt uppnåddes 2D modellering av avloppsflödesfältets karaktär hos en 

förenklade och rektangulär primära sedimenteringsbassäng, Syvab avloppsreningsverk, 

genom en transient-tvåfas-finita-volymmetoden med vatten och luft, som tillämpades 

med Volume-Of-Fluid (VOF) modellen. RNG k-ε turbulensmodellen användes även för 

att beräkna den kinetiska energin av turbulas och dess dissipationshastighet. Detta för 

att oönskade hydrauliska fenomen har uppmärksammats hos sedimenteringsbassängen 

hos avloppsreningsverket. För att minska flödeshastigheten och turbulens föreslås två 

optimeringsmetoder, vilket är att installera skärm och att ändra inloppets hastighet. 

Eeffekterna av de olika metoderna jämförs med hjälp av hastighets- och kinetisk 

energiprofiler. Det visar sig att båda metoderna kan ge gynsammare tillstånd för 

sedimentering av partikelar. Som avslutning ges prognos för den fortsatta forskningen 

och arbetsriktningen inom ämnet. 
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NOTATIONS 

BOD Biochemical Oxygen Demand 

CFD Computational Fluid Dynamic 

COD Chemical Oxygen Demand 

HDVS HydroDynamic Vortex Separator 

HRT  Hydraulic Retention Time 

LDV  Laser Doppler Velocimetry 

LSS  Low Suspended Solid 

MBR  MembraneBioReactors 

MLSS  Mixed Liquor Suspended Solids 

RNG  Re-Normalization Group 

SIMPLE  Semi-Implicit Method for Pressure-Linked Equations 

SIMPLEC  SIMPLE-Consistent 

TSS  Total Suspended Solids 

VOF  Volume Of Fluid 
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1. Introduction 

1.1 Background 

In conventional wastewater treatment system, there will be two sedimentation tanks 

installed in most of the plants which are so called “Primary sedimentation tank” and 

“Secondary sedimentation tank”. When the wastewater flows through the 

sedimentation tank, the solids will be separated or settled from the sewage due to the 

gravity. The main objective of these two sedimentation steps is to achieve the solid-

liquid separation as efficiently as possible. However, the characteristics of the influent 

to primary clarifier and secondary clarifier are completely different. In general, Total 

Suspended Solids (TSS) concentration of the influent to primary sedimentation tank 

would be around 200-400 mg/L, however, the secondary clarifiers usually have much 

higher influent concentration. Due to the difference on the characteristic of the 

receiving water, each one has their own specific requirements. The aim of primary 

sedimentation tank is to remove the settleable total suspended solids of the wastewater 

after the grit and grease removal equipment as much as possible. And the COD 

(Chemical Oxygen Demand) or BOD (Biochemical Oxygen Demand) is removed in 

the same time together with the suspended solids. At least, 50-70% suspended solids 

and 25-40% BOD of the influent to primary clarifier will be removed. (Tchobanoglous, 

Burton, Stensel, & Eddy, 2003) The aim of secondary sedimentation tank is to reduce 

the high concentration of MLSS (Mixed Liquor Suspended Solids), produced from the 

aeration process. As such, these settling processes are used to remove easily 

biodegradable organics to increase biogas production and particle-bound pollutants 

such as nutrients and metals. (Christian Baresel and Anders Björk, 2016) Even novel 

technologies such as MBR (MembraneBioReactors) that will be built in Henriksdal and 

our case study Himmerfjärd which are the largest and the third-largest sewage treatment 

plant in Sweden respectively, consist of a primary clarifier to remove particles but the 

secondary one will be taken the place of. Also, compared with the rest of treatment 

processes involved in the plant, primary sedimentation tank has a greater potential to 

remove more TSS (Total Suspended Solids), COD or BOD with a less operational cost. 

(Water Environment Federation, 2005) This project will only focus on primary 

sedimentation tank. The earliest theory applied to design the sedimentation unit was the 

concept of surface overflow rate put forward by Hazen (1904) based on the assumption 

of uniform horizontal flow. It is an idealized concept which expounds that the hydraulic 

retention time (HRT) should be equal or greater than the particle settling time. It 

assumes all the particles have a same horizontal and vertical velocity. However, with 

the investigations from Wahlberg et al (1997) (Water Environment Federation, 2005), 

who collected the historical data and plotted the curves of TSS removal efficiency 

versus surface overflow rate of the primary clarifier from four treatment plants, one 

cannot conclude that there is a causality between them. That is reasonable and 
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understandable since it ignores the hydrodynamic and turbulent of the flow. The 

separation process taking place is strongly driven by the settling capacity of particles 

that depends on flow conditions, retention times, particle characteristics, temperature 

and more. The tank performance can be affected by the eddy currents generated by the 

inertia of the influent, the circulation zone at the water-air interface (only for the 

uncovered tank) and the density currents caused by temperature difference between the 

incoming water and water inside the tank. Due to these factors, phenomenon of the 

short circuiting in different extent will be observed. (Tchobanoglous, Burton, Stensel, 

& Eddy, 2003) 

 

When designing a primary clarifier, decisions to the configuration, depth, inlet and 

outlet layout, collection and withdrawal mechanisms of sludge and scum will be made 

with the aim of maximizing flocculation, controlling biological activities and 

minimizing the possibilities of undesired hydraulic phenomena such as, eddy and 

density currents. (Water Environment Federation, 2005) Related concepts of the design 

considerations for rectangular primary sedimentation tank consist of inlet configuration, 

sludge hopper size and arrangement, effluent launder requirements, scum withdrawal 

and collector drive arrangement, covered or uncovered, collector type, flight depth and 

spacing, flight speed and constant-speed or variable- speed sludge collectors. A primary 

process functions irrespective of the shape of the tank (rectangular or circular), consists 

of inlet zone, settling zone and outlet zone. Good sediment performance is primarily 

determined by an optimal design of the inlet zone and the inlet flow. At the inlet, the 

flow velocity and turbulence intensity should be reduced to achieve proper flow 

conditions, so that the sediment diverges from the flow and settles to the bottom. 

 

To explore and optimize the flow pattern and mixing regime at the inlet zone of primary 

tank, CFD (Computational Fluid Dynamic) is an option to achieve that. There are some 

examples of the simulations that other people have done for primary sedimentation tank 

which are (Emad Imam, 1983), (Liu B.-C. , Ma, Huang, Chen, & Chen, 2008), (A. 

Razmi, 2008), (A. Tamayol, 2008), (Fatemeh Rostami, 2010), (Xiaofeng Liu and 

Marcelo H. García, 2011), (Mahdi Shahrokhi, Fatemeh Rostami, & Said, 2013). 

However, all the previous works done for rectangular primary tank are for the cases 

where the inlet aperture either is located the bottom of the tank or just below the water 

surface and the sludge hopper is ignored. While the inlet of the original tank at Syvab 

is an overflow orifice by which the water flows into the primary clarifier from the 

distribution channel and the sludge hopper will be involved in the model. That is 

different with other cases involved in the literatures. 

 

1.2 Aim and Objectives 

In this project, with the help of CFD modeling simulations, this thesis aims to 

investigate and improve the design of the primary sedimentation tank at Syvab and 

especially the inlet zone under the operational load conditions (Christian Baresel and 



3 

 

Anders Björk, 2016). There are three main objectives in the project, as listed below. 

 

➢ to identify the flow pattern and contour of turbulence kinetic at the inlet zone 

including the sludge hopper area of the primary sedimentation tank at Syvab. 

➢ to find the effective ways to reduce the velocity head and turbulent intensity of the 

influent. 

➢ to compare the velocity and turbulence kinetic energy profiles in 4 cases. 

 

The performance of settling tank is primarily determined by the flow pattern and mixing 

regime in the tank. In other words, accurately simulating of the flow pattern and mixing 

regime is crucial to predict the tank efficiency under the different operational conditions. 

(Fatemeh Rostami, 2010) So, the final intention of the project is to achieve proper 

sedimentation performance. 
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2. Literature review 

The methods applied to this project mainly include literature review, consultation with 

experts at IVL and CFD implementation. The literature review mainly focuses on 

selecting a completed and verified model and method and the proposed optimization 

approaches for inlet zone and inlet flow. Because of the differences on the 

characteristics of the receiving water of the primary sedimentation tank and secondary 

sedimentation tank and the different roles they played in sewage treatment plant, the 

predominantly hydraulic phenomena in each tank are different and that results in the 

corresponding modeling components and methods applied to build the CFD model are 

different. (Peter Krebs, 1995) pointed the design of inlet zone for primary and 

secondary sedimentation tank cannot be optimized in the same way since primary 

clarifier inlet design mainly focuses on the kinetic energy dissipation, while the 

secondary clarifier need to consider the effects of density currents because of the 

differences in temperature or mean suspended solids concentration between the influent 

and the original wastewater in the tank (D. A. Lyn, 1992) on the flow field and the 

particle flocculation. From the description above, a distinction between primary 

clarifier and secondary clarifier has to be made when doing a literature review. It 

naturally led to that the published articles about CFD of primary tank will be read in a 

more details. 

2.1 Selection of the model and method to be employed 

First, the decision on the model and method that will be adopted in this project has to 

be made. All the numerical modeling of primary sedimentation tank already been 

published were checked. The following is a summary regarding that. 

 

Modeling of the velocity field and solid concentration distribution in the tank are the 

main task of the numerical simulation. It implies there are two sub-models to describe 

the hydrodynamic and solid transport phenomena, respectively. In the work of (Emad 

Imam, 1983), the vorticity transport and stream-function equations of the governing 

unsteady Eulerian equations with a constant turbulent eddy viscosity applying a partial 

slip condition on the wall constitutes the hydrodynamic sub-model. Solids 

concentration distribution in the tank is obtained by solving convective-diffusion 

equation. Similar work was done by (Liu B.-C. , Ma, Huang, Chen, & Chen, 2008), 

where the turbulent flow and mass transfer were taken into the consideration. 

 

The suspended solids concentration is an important characteristic of the sewage. Good 

knowledge of the characteristics of the wastewater is the initial step to achieve the 

proper design of primary clarifier. (Water Environment Federation, 2005) For the 

reason of low suspended solid concentration in primary clarifiers, the concentration 

field only has a relatively little effect on flow filed and buoyancy effects can be left out. 
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(A. Tamayol, 2008) The same judgement can be found in the article of (A. Razmi, 2008) 

which is that the secondary sedimentation tank is placed after aeration tank so activated 

sludge will be included in the influent and that results in the growing of particle size 

and the simulation of flow field in secondary tank has to take the solid concentration 

distribution into account while not in primary tank. Even some experiments already 

been done to investigate the flow pattern in primary clarifier and been applied to 

calibrate and validate the numerical modeling, are pure-water tests, for instance the 

experiments of (Weidner 1967), (Larsen 1977), (Lyn and Rodi 1990), (A. Razmi, 2008), 

(Liu B., et al., 2010). (Peter Krebs, 1995) 

 

Then, (Fatemeh Rostami, 2010) built a 2D one phase (pure water) CFD to simulate the 

flow pattern of the settling tank which contains the streamlines, velocity fields, and 

turbulence kinetic energy. VOF (Volume Of Fluid) was selected to model the air-water 

multi-phase. RNG (Re-Normalization Group) k-ε model was applied to calculate the 

turbulent quantities, i.e. the kinetic energy(k) and its dissipation rate (ε). It was applied 

to study the effects of different positions and numbers of inlet apertures on the flow 

pattern in primary clarifier. One year later, (Mahdi Shahrokhi F. R., 2011) used the same 

model but with a different turbulent model, Standard k-ε model instead of RNG k-ε 

model to explore the effects of different configuration of baffles on flow pattern in 

primary tank. The difference between the two turbulent models and the reason of our 

choice will be described in numerical modeling section. 

 

Compared to VOF model, two-fluid model is the most complicated multiphase model 

involved in ANSYS Fluent since each phase in two-fluid model has a set of continuity 

and momentum equations. In the research of (Xiaofeng Liu and Marcelo H. García, 

2011), the behavior of suspended solids-water mixture in the primary circular 

sedimentation tanks in Chicago were simulated by two-fluid model. Turbulence kinetic 

energy and the dissipation rate are calculated by the k-ε turbulence model. In the same 

time, the sludge flow and hindered particle settling process were studied by the relevant 

expressions. 

 

Concerning the aim and objectives of this project which only focuses on the velocity 

head and turbulent intensity of the influent and its variability in inlet zone and the 

license available to student, the CFD code ANSYS Fluent is selected and the multi-

phase flow modeling and turbulence modeling will be achieved by VOF method and 

RNG k-ε turbulence model, respectively. 

2.2 Proposed optimization methods in literatures 

Inlet design of the primary sedimentation tank should focus on dissipating the kinetic 

energy or velocity head of the sewage, avoiding short circuiting, alleviating the density 

currents effects and lowering the blanket disturbances. (Fatemeh Rostami, 2010) 

Baffles have been extensively applied to dissipate the kinetic energy of the influent and 

distribute the incoming flow over the whole cross section to stabilize the flow and avoid 
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short circuiting, especially when a buoyant density current exists. (Emad Imam, 1983) 

(A. Tamayol, 2008) pointed that the baffle should be installed in a proper location with 

an appropriate submergence depth, otherwise it will even worsen the tank performance 

instead of improving and concluded the baffle should be put where the circulation zone 

exists to destroy it. The numerical model developed by (Emad Imam, 1983) was taken 

to study the effects of relative baffle submergence on a real rectangular tank 

performance. The relative baffle submergence was defined as the ratio of the baffle 

length and the tank depth. When the ratio decreased from 0.67 to 0.27, the removal rate 

increased from 0.65 to 0.75, instead. However, if continuing decreasing the relative 

baffle submergence, the removal rate does not increase any more. In addition, it should 

be noticed that an even high baffle submergence may disadvantageously the tank 

performance since a high submergence results in a ‘shallow tank’ where a bulky dead 

zone over the live stream exists. One can conclude that probably a ratio around 0.3 

should be selected to minimize the incoming flow jet. 

 

5 cases (as shown below, a-e) with the different positions and numbers of the inlet 

apertures of the settling tank were simulated with the aim of reducing high-velocity 

currents and averting the flow jets. Based on the simulation of flow pattern, velocity 

profiles, turbulence kinetic energy, flow through curves and hydraulic efficiency, 

(Fatemeh Rostami, 2010) concluded that the inlet aperture in the bottom is better than 

in the surface and a middle aperture (case b) is preferred if only one is available; 

otherwise, the configuration of two apertures (case d) is better. 

 

Figure 1. 5 cases of velocity inlet. (Fatemeh Rostami, 2010) 

 

Closely following the research of (Fatemeh Rostami, 2010), (Mahdi Shahrokhi F. R., 

2011) investigated the various numbers of baffles with the same height on the tank 

performance by analyzing the simulated flow patterns and the Flow Through Curves. 

The results show that the proper placement of a suitable number of baffles results in a 

minimum volume of recirculation region, kinetic energy dissipation and then produce 

a uniform flow field in the tank so the sedimentation capacity of the tank is increased, 

finally. (A. Razmi, 2008) found that the optimal distance (d) between the inlet slot and 

a single baffle is 12.5% of the tank length (L). With this finding, (Mahdi Shahrokhi F. 

R., 2011) concluded that the volume of dead zone would decrease as the number of 

baffles increases however, the positions of these baffles are more important but it’s 

unpractical with too much baffles so finally suggestions of two baffles located at d/L = 

0.125 and 0.388 and three baffles located at d/L = 0.125, 0.3 and 0.388 are given 
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because of the lowest volume of circulation zone. 

 

By (Liu B. , et al., 2010), the two-dimensional laser Doppler velocimetry (2D LDV) 

was applied to measure the flow velocity of the primary rectangular settling tanks in 

the horizontal and vertical directions under 5 cases with various flow rates and reaction 

baffle heights. Suggested values for the relative baffle submergence height and the ratio 

of tank length to height were given in a low suspended solid (LSS) concentration 

conditions (LSS< 150-200mg/L). A large circulation zone behind the baffle was 

observed both in their experiment and numerical simulation. The recirculation length 

increases with an increased flow rate or an increased submerged depth of the reaction 

baffle. However, if we compare the influence of the variation of flow rate and 

submerged depth of reaction baffle on flow field, the latter one is stronger. So, providing 

an optimal relative submergence depth under the various flow rate, which is around 0.2 

– 0.5, is more worthy and practical. In addition, to improve the removal rate and make 

full use of the tank dimension, the length-to-height ratio for a rectangular sedimentation 

tank should be within the range of 8-12. 
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3. Case study of Himmerfjärd 

Himmerfjärd is a wastewater treatment plant owned by SYVAB and located north of 

Hörningsnäs in Botkyrka. Over here the wastewater from Botkyrka, Huddinge, 

Nykvarn, Salem, Southwestern Stockholm and Södertälje will be treated and released 

into Himmerfjärden, a bay situated between Mörkö and Södertörn in the south 

archipelagos of Stockholm. (WIKIPEDIA, 2011) 

 

There are 14 “Squircle” primary sedimentation tanks at the plant, each of which is a 

rectangular tank equipped with a circular sludge hopper in the influent end. According 

to the latest board documents from Syvab, the plant receives and processes 130000m3 

wastewater every day. (Syvab, 2017) 

 

Figure 2. Processes map of Syvab. (SYVAB, 2017) 

 

As shown above, this is the whole facilities installed in Syvab wastewater treatment 

plant. Color blue represents all the transport and treatment installations for wastewater 

and the corresponding flow direction. The wastewater treatment mainly includes so-

called pre-treatment, primary treatment, secondary treatment and tertiary. The pre-

treatment mainly refers to Number 4 to separate the solids larger than 20mm by coarse 

bar screens, Number 7 to settle large particles, Number 9 to remove the materials larger 

than 2mm by 2 fine bar screens. What is called primary treatment step in the whole 

processes refers to Number 11, as circled in Figure 2, 14 parallel 50-meters primary 

sedimentation tanks to remove the suspended solids and COD or BOD. Aeration tanks, 

number 13 and secondary sedimentation tanks, number 15 constitute the secondary 

treatment system. In aeration tanks, the organic materials and phosphorous as the ‘food’ 

will be eaten by microorganisms. In addition, nitrogen removal processes, nitrification 

where the ammonium will be oxidized to nitrate and denitrification where the nitrates 

will be converted to nitrogen gas will take place, too. In secondary sedimentation tanks, 

the biological sludge is settled and part of them will be sent back to aeration tank and 

almost all the rest of them will be treated as excess sludge. 

Primary sedimentaion tanks 
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The drawings of the tank were provided by supervisors at IVL and staff at Syvab to 

define the computational domain. However, to fully understand how does the water 

flow into and drain out from the tank and collect the relevant data, an on-site visit was 

executed on 27th of March 2017. 

3.1 Construction of 4 cases 

Firstly, the flow characteristics predominantly existed in the original tank has to be 

learnt. According to the previous section, 2 categories of optimization methods, 

installing the baffles and changing the velocity inlet are decided which refer to 3 

different scenarios (with 1 baffle, 2 baffles and a mid-depth velocity inlet) will be 

evaluated and compared with the velocity field and turbulent intensity. The original 

case plus these 3 scenarios constitutes the 4 cases involved in this project, denoted as 

C1, C2, C3 and C4. 

 

Mainly based on the problems inherent in original case from the view of hydraulic, the 

location of the first baffle and the second baffle is decided. The recommended value 

regarding the baffle installation from literatures is not very valuable, especially for the 

best baffle location in horizontal direction due to the different location of inlet aperture 

and involved sludge hopper in this project. But the value of submergence depth is set 

as 0.3 which is basically determined from the literature. So, the submerged depth is 

3 × 0.3 = 0.9m. 

 

The geometry and dimensions of the tank with 2 baffles (C3) is shown below. The area 

enclosed by the yellow line is the whole tank area. This dimensional drawing is based 

on the original drawing of primary sedimentation tank at Syvab. The locations of inlet 

and outlet are shown in Figure 3. It can be noticed that there are two dimensions at the 

inlet since the water is not full of the inlet aperture, only the bottom one, with a depth 

of 0.14m. The upper one is thought to be full of air, with a depth of 0.16m. That will be 

distinguished much clearer in the section of ‘boundary and initial conditions’. The blue 

line represents the water level in the tank above which is the air phase with a height of 

0.3m and that is why the whole depth of baffle is 0.9+0.3=1.2m. Both baffles have a 

same submerged depth. 

 

Figure 3. The geometry and dimensions of C3. 

inlet outlet 

The first baffle 

The second baffle 
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4. Numerical modeling 

4.1 Governing equations 

4.1.1 VOF model 

Currently, Eulerian-Lagrangian and Eulerian method are the only two methods that can 

be applied to the numerical computation of multi-phase flow. In Eulerian method, 

different phases will be processed into the interpenetrating continuous media. The 

volume of each phase cannot be occupied by other phases then the concept of ‘Volume 

fraction’ is introduced. It assumes volume fraction is a continuous function of space and 

time. The volume fraction of all phases sums to 1. Each phase has their own governing 

equations and all of these equations have the same form. In addition, some empirical 

relational expressions are added to make these equations closed. VOF model is one of 

the multi-phase model based on Euler method. The other two are mixture and two-fluid 

model. 

 

VOF model is a grid-fixed surface tracking technique. It’s applicable to observe the 

interface between two non-compatible fluid or more. Here, the two non-compatible 

fluid will be water and air. In VOF model, one set of momentum equations will be 

shared by these two fluids. The volume fraction of each fluid in each cell will be tracked 

through the whole computation domain. It can be applied to any steady-state or transient 

liquid-gas interface problems. All variables and attributes in flow field are shared by 

each phase. If the volume fraction of each phase in each grid cell is known, these 

variables and attributes can be obtained by volume averaging theory. Therefore, the 

variables and attributes in any cells belonging to one phase or a mixture only depends 

on the value of volume fraction of the phase. In other words, if the volume fraction of 

the ith phase is recorded as 𝛼𝑖, there are three following situations. 

 𝛼𝑖 = 0, there is no ith phase in the cell; 

 𝛼𝑖 = 1, The cell is filled with the ith phase; 

 0 < 𝛼𝑖 < 1, The cell contains phase I and other phases. (ANSYS, 2017) 

With the local 𝛼𝑖 value, all the grid cells in computation domain will be given a proper 

attribute. 

 

Here, the governing equations are composed of continuity equation, momentum 

equation (or Navier-Stokes equation). ANSYS Fluent implements the tracking of the 

interface between two phases by solving the continuity equation of the volume fraction 

of one phase. The continuity equation states that the mass inflow to the control volume 

is equal to the mass outflow. For the ith phase, here the second phase, air, the equation 

has the following form. 

∂

∂t
𝛼𝑎𝑖𝑟𝜌𝑎𝑖𝑟 + ∇ ∙ (𝛼𝑎𝑖𝑟𝜌𝑎𝑖𝑟𝐔𝑎𝑖𝑟) = 0 
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Where ρair is the density of air and 𝐔air is the velocity of air. 

The volume fraction equation of the primary phase (water) is not solved and it’s 

calculated by the constraint equation below. 

∑𝛼𝑖

2

𝑖=1

= 1 

The momentum equation, also known as Navier-Stokes equation, derived from the 

newton’s second law indicates that in each control volume, the change rate of the 

momentum is equal to the total forces acting on the fluid particles. VOF is employed to 

solve one set of momentum equations through the entirely computation domain to 

obtain the velocity field which will be shared by water and air. The physical parameters, 

ρ  and μ , in momentum equation shown below, rely on the volume fraction of all 

phases. 

∂ρ𝐔

∂t
+ ∇ ∙ (𝜌𝐔𝐔) = −∇𝑝 + ∇ ∙ (𝜇(∇𝐔 + ∇𝐔T)) + 𝜌𝐠 + 𝐅 

Where ρ  is the composite density, defined as (𝜌𝑤𝑎𝑡𝑒𝑟𝛼𝑤𝑎𝑡𝑒𝑟 + 𝜌𝑎𝑖𝑟𝛼𝑎𝑖𝑟 ), 𝐔 is the 

mixture velocity, 𝑝  is the pressure, 𝜇  is the composite viscosity, defined as 

(𝜇𝑤𝑎𝑡𝑒𝑟𝛼𝑤𝑎𝑡𝑒𝑟 + 𝜇𝑎𝑖𝑟𝛼𝑎𝑖𝑟) and 𝐅 is the gravitational body force. Since the problem is 

simplified to be 2D, two sets of momentum equations in x and y directions need to be 

solved.  

 

4.1.2 RNG k-ε Model 

A rigorous statistical technique “Renormalization group” (RNG) is applied to the 

derivation process of the RNG k-ε turbulence Model. It’s very similar to the Standard 

k-ε model but with some improvements which are that an additional term is added to ε 

equation, turbulent eddies are considered with higher precision, an analytical equation 

is provided for turbulence Prandtl number and the viscous flow at low Reynolds 

numbers is well considered. However, the last refinement also depends on the proper 

treatment of the near-wall region. Anyway, the Standard k-ε model for high Reynolds 

number cannot be applied to capture the viscous effect of the near-wall region in 

primary settling tank. (Liu B.-C. , Ma, Huang, Chen, & Chen, 2008) Enhanced Wall 

treatment was applied to the turbulence modeling. Since laminar flow condition exists 

in the near-wall region then the modeling of velocity profile needs a sufficiently dense 

grid and it results in a large amount of computation time therefore Enhanced wall 

function is introduced to acquire an accurate velocity profile in that area with a bit 

coarser mesh. (H K Versteeg and W Malalasekera, 2007) 

 

Therefore, RNG k-ε Model is a modified one for the low Reynolds number flow and is 

more accurate to calculate the curved streamlines as existed in circulation zones, 

compared to the Standard k-ε Model. Transport equations of the RNG k-ε Model are 

shown below. 
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∂

∂t
(𝜌𝑘) +

𝜕

𝜕𝑥𝑖
(𝜌𝑘𝑢𝑖) =

𝜕

𝜕𝑥𝑗
(𝛼𝑘𝜇𝑒𝑓𝑓

𝜕𝑘

𝜕𝑥𝑗
) + 𝐺𝑘 + 𝐺𝑏 − 𝜌𝜀 − 𝑌𝑀 + 𝑆𝑘, 

𝜕

𝜕𝑡
(𝜌𝜀) +

𝜕

𝜕𝑥𝑖
(𝜌𝜀𝑢𝑖) =

𝜕

𝜕𝑥𝑖
(𝛼𝜀𝜇𝑒𝑓𝑓

𝜕𝜀

𝜕𝑥𝑗
) + 𝐶1𝜀

𝜀

𝑘
(𝐺𝑘 + 𝐶3𝜀𝐺𝑏) − 𝐶2𝜀𝜌

𝜀2

𝑘
− 𝑅𝜀 + 𝑆𝜀, 

Where 𝐺𝑘, 𝐺𝑏 and 𝑌𝑀 represents the production of turbulence kinetic energy due to 

mean velocity gradients, buoyancy and compressibility, respectively. Since the fluid is 

assumed to be non-buoyant and incompressible then 𝐺𝑏 and 𝑌𝑀 are neglected here 

and equal to 0. 𝛼𝑘 and 𝛼𝜀 are the inverse effective Prandtl numbers for 𝑘 and 𝜀. 

(ANSYS, 2017) 

 

4.2 CFD setup 

A complete CFD solution is comprise of or can be divided into 3 stages which are pre-

processing, solving process and post-processing. Each stage has their own functions 

and there are plenty of commercial programs available for each stage. In this project, 3 

products of ANSYS (ICEM, Fluent, CFD-Post) are employed as pre-processor, solver 

and post-processor, respectively. Below is the description of each stage. 

4.2.1 Pre-processing 

Pre-processing of a CFD solution mainly refers to the determination of the 

computational domain and meshing which means to divide the big computation domain 

into lots of elements (or control volumes).  

4.2.1.1 Meshing 

The quality of meshes drew by the user has a huge impact on the simulation accuracy. 

The denser the mesh is, the better simulation result will be. On the other hand, the longer 

computation time will be also. There is a trade-off between the accuracy of the 

simulation result and a reasonable computation time. The optimal meshes are usually 

not uniform; denser in the region where large variations exist between two adjacent 

points, sparser in areas with relatively small changes. (H K Versteeg and W 

Malalasekera, 2007) 

 

ICEM as the pro-processor was employed in this project. The refinement of meshes 

takes place in the interface of water and air, the near-wall regions and the vicinity area 

of the baffle. Below is an example that displays the meshes of C3 which are only made 

up of the structured grids and composed of 38866 elements. When checking the quality 

of the drawn meshes, the inspection method of determinant is used mainly. If the value 

of determinant is 1, it implies the quality is perfect. On the contrary, if the value is 0 or 

even a negative value, it means there are some elements with negative volume. The 
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criteria value of determinant is set as 0.3. All the cases have met the requirement even 

greater than 0.85. Meshes of the rest cases can be found in appendix. 

 

 
Figure 4. Meshes of C3 & The refined meshes in some areas. 

4.2.1.2 Boundary and initial conditions 

Before the computation, the tank is full of water (primary phase). The water overflows 

into the tank from the distribution channel with a velocity of 0.71m/s. This is 

representative of the flow condition between the average and maximum. The boundary 

conditions specified in Fluent is shown below. The rest of parts not specified purposely 

are treated as ‘wall’. 

 

 

 

 

 

Figure 5. Boundary conditions specified in Fluent. 

Pressure inlet 

Velocity inlet 

Pressure outlet 
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4.2.2 Solver 

ANSYS Fluent was applied to this project. And its core algorithm is to utilize the finite 

volume method to discrete Navier-Stokes equations. In essential, it’s a solver of partial 

differential equations. Pressure-based solver is selected because the density-based 

solver is not available for VOF method. The solving processes are shown below. 

➢ With the grid cells (or finite volumes) generated in the previous step, the program 

integrates the governing equations of fluid flow through each cell within the 

computation domain. 

➢ Then the integrated equations will be transformed into a sequence of algebraic 

equations for the target variables. (The process of transformation is called 

discretization.) 

➢ Due to the complexity of the physical phenomenon to be analyzed, an iterative 

process is needed. (H K Versteeg and W Malalasekera, 2007) 

 

One of the segregated algorithms in Fluent, SIMPLEC (SIMPLE-Consistent) was 

selected as Pressure-velocity coupling method. SIMPLEC provides a higher 

convergence rate compared with SIMPLE (Semi-Implicit Method for Pressure-Linked 

Equations) which is the default of Pressure-velocity coupling method in Fluent since 

SIMPLEC has a better stability and the under-relaxation factor can be appropriately 

amplified during the simulation. (ANSYS, 2017) The so-called under relaxation is to 

reduce the variation of the computed results in two successive iterations to avoid the 

divergence of the iterative process due to the large variation. 

 

To discretize the governing equation of momentum, turbulent kinetic energy and 

turbulent dissipation rate in space, the scheme of second-order upwind is employed. 

The similarity of first-order upwind scheme and second-order upwind scheme is that 

both determine the physical quantities of the cell faces through the physical quantities 

of the cell nodes upstream. But the second-order upwind not only uses the value of the 

previous node upstream, but also the value of the other node upstream. It can be 

regarded as a modified first-order upwind that the curvature effect of the distribution 

curve of physical quantities between nodes is considered. (ANSYS, 2017) 

4.2.3 Post-processing 

CFD-Post was employed in the stage of post-processing. Very professional and easily 

visible post-processing graphics, curves, data, videos, etc can be created by CFD-Post. 

In the section of results and discussion, all the relevant figures are shown and introduced. 
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5. Results and discussion 

Taebi-Harandy and Schroeder (1995) pointed that the flow pattern of the original tank 

must be identified before the baffles to be equipped. (Mahdi Shahrokhi, Fatemeh 

Rostami, & Said, 2013) Then the model will be firstly applied to evaluate how does the 

original tank look like from the view of hydrodynamics where the velocity and turbulent 

kinetic energy over the horizontal direction will be demonstrated. The relevant 

hydraulic conditions of different scenarios were evaluated by the contour of velocity 

and turbulence kinetic energy, streamlines, normalized velocity gradient of the vertical 

direction in several horizontal positions. 

 

The simulated results (volume fraction of phase 1, velocity profiles and turbulence 

kinetic energy) of the cases 2&3 in the intermediate region between the inlet and the 

first baffle are not expected to be that different because it is believed that the installation 

of the second baffle will not make an impact on the flow pattern of that region. Although 

they don’t look exactly the same, the main features in that region captured by two cases 

are consistent. Contour of the volume fraction of phase 1 gives us the information on 

how do the air and water behave in the interface. However, it was not shown here, in 

appendixes instead since it is helpful for us to identify where is the water phase, the 

information of which only can be used to analyze other results of velocity and 

turbulence profiles for water phase. 

 

5.1 Velocity profiles 

As illustrated in Figure 6, 7 and 8, the computed velocity vectors of the two phases for 

original tank and different proposed optimization cases are shown. To achieve a better 

comparison, all the simulated results are sampled from the same region with a same 

legend of the velocity magnitude. With the help of the contour of volume fraction of 

phase 1 and the refined meshes at the air-water interface, the velocity vectors of water 

phase can be identified. 
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Figure 6. Velocity vectors of C1. 

 

For the original case, it looks like that the water spurts into the tank with a relatively 

higher velocity. There are 3 recirculation zones, also known as dead zones detected at 

this moment. One as pointed to A with the smallest volume among is located just above 

the triangle installation. Zone B is sited inside the sludge hopper. Another one, zone C 

is recognized in the particle settling area with the biggest volume. There is a line as 

drew in the figure which is a dividing line between the circulation zone and ‘plug-flow’ 

zone. On the left hand of the line, almost the whole area planned to be as the particle 

sedimentation region is out of the service. On the right hand of the line, the flow 

condition can be regarded as the plug flow somehow which are the preferred flow 

condition for sedimentation. It’s clearly noticed that the existing of circulation zones 

decrease the effective tank volume dramatically which is intended as the particle 

settling area. Besides that, the magnitude of velocity vectors located at the right side 

and bottom of the recirculation zone C, marked with two red ovals is not zero, even 

greater than 0.2m/s. It means that there will be some potential problems on the settled 

particles. This part of flow could instantly scour off the settled particles or solids which 

will be probably brought back from the bottom. 

 

 

Recirculation zone A 

Recirculation zone B 

Recirculation zone C 

dividing line 

Velocity vectors with magnitude in recirculation zone C 
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Figure 7. Velocity vectors of C2 & C3. 

 

Computed velocity vectors of the tank with 1 and 2 baffles are demonstrated in the first 

and second images. As mentioned before, the velocity vectors between the inlet and the 

first baffle for C2 & C3 should be almost the same. Since the existence of the second 

baffle shouldn’t make an impact on that region. But the main features are consistent. 

With the installation of the baffle, the flow direction is forced to the bottom instead of 

heading for the exit like the original case. It provides a higher mixing intensity at the 

inlet zone that will maximize the flocculation of raw wastewater solids in a short time. 

There are still two recirculation zones at the sludge hopper and behind the first baffle. 

The one at the sludge hopper isn’t that drastically different from the original case. The 

other one occupies a much less volume. There is another dividing line marked in the 

second image which is applied to distinguish between the dead zone and static flow 

region. It can be noticed that this line is almost the same with the second baffle in 

horizontal direction. The direction of velocity vectors of the near-wall area with some 

magnitude at the bottom of the tank is opposite to the original case. Because of the 

effect of the baffle, there are some velocity vectors with a magnitude at the near-wall 

region of the right side of the sludge bucket in C3 where it can be seen more clearly. 

Above all, the first baffle destroys the largest recirculation zone existed in original tank 

then the tank volume used to settle particles becomes large and finally the tank 

efficiency will be increased. The recirculation region behind the first baffle is not 

reduced or minimized after the addition of the second baffle. Probably, the position of 

the second one should be moved forward a bit and the submerged depth should be larger 

to disturb the target recirculation zone. 
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Figure 8. Velocity vectors of C4. 

 

The magnitude and direction of the velocity vectors in C4 are much different with other 

cases since the water flows into the tank from a mid-depth inlet aperture then the water 

phase is less influenced by the air phase. The velocity decreases regularly somehow as 

the horizontal distance increases. Two recirculation zones exist along that distance by 

which the inlet velocity drops to 0, one is above it and the other one is below it, marked 

with zone D and E, respectively. Some velocity vectors with a magnitude are found on 

the top of zone D. For this reason, the solid particles in raw sewage will be brought to 

the zone D. However, in C4, the effective settling volume is the largest then the solids 

can always settle down in the rest of ‘laminar flow’ condition. And forward or backward 

velocity vectors along the tank bottom are not detected, either. The problem of 

resuspension will be avoided. 

 

In VOF method (Euler method), velocity field is used to describe the fluid flow. 

Velocity field is a vector field. From the knowledge of field theory, for a vector field it 

can be visually described with its vector lines. The vector line is a curve where the 

tangent line of each point coincides with the vector direction of that point. The vector 

lines of the velocity field are the streamlines. Correspondingly, the streamline is a curve 

where for a fixed moment, the velocity direction of any point is in line with the tangent 

line at that point. The computed streamlines are a set of curves of different particles at 

the same moment, which gives the velocity direction of different fluid particles of that 

moment. Using the concept of streamline, fluid motion can be imagined as a geometric 

phenomenon of one group of streamlines. In fact, the results of streamlines basically 

are used to confirm the discussion we did in previous section. However, it gives a much 

clearer and more intuitive result regarding the motion of water phase. 

 

 

Recirculation zone D 

Recirculation zone E 
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Figure 9. From top to bottom: Computed streamlines of C1, C2, C3 & C4. 

 

In Figure 9, most of the blank area can be considered as the dead zone. It shows the 

original case has the smallest solid particle settling area and the case with a mid-depth 

velocity inlet has the largest volume. In C2 & C3, the influent, after impinging on the 

first baffle, is turned towards the tank bottom then at region A and B of the bottom of 

the tank denoted in C2 and C3 respectively the particle moves with some velocity. 

 

As exhibited in the diagram, the velocity magnitude of the 4 cases with the form of 

contour are going to be discussed and compared. All the diagrams are equipped with a 

same legend, scope of which is from 0 to 0.71m/s, the water inlet velocity. Then the 

areas with a velocity greater than or equal to the initial velocity are easily found. 

 

 

Figure 10. Contour of velocity of C1. 

 

Firstly, a strong surface current and bottom current are detected in original case. The 

raw tank has the biggest area equal to or greater than the velocity of influent. That 

means the solids will be directly brought to a point where the solids cannot start settling 

before. It seems that the volume of bottom current is also the biggest for the raw 

sedimentation tank. The existence of bottom current disrupts the stability of sludge 

layer at the base. And the velocity magnitude of bottom current ranges from 0.06 to 

Region A 

Region B 
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0.19m/s. 

 

 

 
Figure 11. Contour of velocity of C2 & C3. 

 

Comparing with the situation in original tank, the influent velocity was decreased 

distinctly in case 2 and 3 however the magnitude of velocity of the bottom current is 

larger, especially in case 3. What is more remarkable is that the current with some 

magnitude also exists in the sludge hopper and spans a large volume when the baffles 

are introduced. That is, if the baffle is placed too near the inlet aperture and submerges 

too deep, a large amount of water will be forced to the blanket which is not what we 

want to see. 
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Figure 12. Contour of velocity of C4. 

 

When looking at the contour of velocity of the tank with a mid-depth velocity inlet, the 

result is much different with the one with a velocity inlet just above the water surface. 

First of all, there is no bottom current and only a small volume of current locates in the 

corner of the bottom side of the tank and the right side of sludge hopper. There is a 

weaker surface current caused by the circulation zone in that area as discussed before. 

Apparently, the velocity in case 4 deceases much faster than the original case. 

 

 

 

Figure 13. Normalized velocity versus vertical direction of the tank at 4 different 

horizontal position. 

 

All the prepresented results of velocity vectors, streamlines and contour of velocity are 
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displayed for both phases of air and water. That leads to a problem that the velocity 

magnitude below the original water surface (with a Y-axis coordinate of +3m) is not 

easy to read. To solve this, the normalized velocity of vertical direction of the tank at 4 

different horizontal positions (4 different X-axis coordinate) are introduced, as plotted 

in Figure 13. To obtain these 4 diagrams, 4 vertical axes with the corresponding X-axis 

coordinates are drawn in CFD-Post. All the vertical axes start from the water surface 

and extend to the bottom of the tank. The ending point of each axis depends on their 

own X-axis coordinate. Positions of these 4 vertical axes can be found in appendix. 

 

As seen in Figure 13, the original case has the biggest velocity of surface current in all 

4 positions. Installation of the baffle or changing the location of the velocity inlet 

reduces the velocity of the influent effectively. The equipment of the baffle will turn the 

initial direction of the influent toward the bottom of the tank, so when the X-axis moves 

to 2.4 and 3.04, in case 2 and 3 the maximum velocity occurs at 0.4-1m below the water 

surface. Read from the image in the bottom right corner, the bottom currents exist in 

original case and the cases with baffle. In case 4, the maximum velocity always lies in 

the mid-depth of the tank. By the same distance in X direction from 0.96m to 5m, the 

velocity in original case decreases by 0.48 of normalized value which is less than case 

4 with a value of 0.64. A mid-depth inlet could dissipate the energy of the influent more 

rapidly. 

 

5.2 Turbulence kinetic energy 
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Figure 14. Contour of Turbulence Kinetic Energy of C1, C2, C3 & C4. 

 

As displayed in Figure 14, the contours of turbulence kinetic energy of 4 cases are 

computed, analyzed and compared with a same scale of legend. In the first diagram, the 

red zone exceeding 0.04 m2/s2 belongs to air phase. The kinetic energy of water phase 

mainly ranges from 0 to 0.03. When looking at the situation of the contour of turbulent 

kinetic energy in case 2 and 3, the kinetic energy of the influent is dissipated by the 

baffle. Behind the first baffle, there is almost no turbulence. In case 4, the maximum of 

computed kinetic energy is 0.02 m2/s2 which is lower than the value in original case. 

When comparing the efficacy of the baffle and a mid-depth velocity inlet in dissipating 

the kinetic energy, the installation of baffle produces a better effect. 

 

 

 

 

 

 

 

 



24 

 

6 Conclusion 

First of all, the flow pattern of primary sedimentation tank with an influent end hopper 

at Syvab sewage treatment plant is simulated successfully by the means of VOF multi-

phase flow model. Only water-air two phases and the interface between them are 

modelled and tracked. The low concentration of suspend solids in primary clarifier 

results in that the modeling of velocity profile can be done exclusive of the solid phase. 

Calculation of turbulence kinetic energy and its dissipation rate is done by RNG k-ε 

turbulence Model. By comparing the results of computed velocity vectors, streamlines, 

contour of velocity and turbulence kinetic energy in all 4 cases, it can be concluded that 

installing a baffle close to the inlet zone will dampen the energy of the incoming water 

and reduce its velocity head. In the case with baffle, a higher mixing intensity can 

provide an optimum environment for flocculation of the raw sewage solids. If one more 

baffles are decided to be equipped, position of which should be based on the flow 

features behind the first baffle otherwise it will almost certainly not make any difference, 

as the situation in this project or even deteriorate the tank performance. If the water 

enters to the tank by an inlet aperture at intermediate depth instead of overflowing to 

the pool by an entry nozzle just above the water surface, the provided hydraulic 

condition is beneficial to particle settling. If considering the real operation conditions, 

there are two things to be noted. One is that the second option of changing the location 

of inlet orifice is much more difficult and takes more money compared to the first option. 

The other thing is that even certain simulations provide a lower turbulence/velocity 

profile for the particle but a higher turbulence in sludge layer that will harm the sludge 

removal. 
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7 Future work 

Regarding the future work, there are two main directions that can be worked on which 

are to improve the model and to test other possible optimization methods. As mentioned 

earlier, the theory appears in the literature that the solid phase doesn’t influent the flow 

field in primary sedimentation tank due to the relatively low suspended solid 

concentration. However, there are still some literatures coming up with a standard or 

criteria value about this judgement. For instance, with the conclusion from Stamou et. 

Al (1989), the influence of the solid phase to the fluid phase can be ignored if there is 

a low suspended solid (LSS) concentration (LSS<150-200mg/L). (Liu B. , et al., 2010) 

This claim was also confirmed by (Emad Imam, 1983) that states the liquid phase 

simulation can be separated from the two phases of solid-liquid modeling if the solids 

concentration is low, the situation usually exists in the sedimentation tank of the water 

treatment and most of primary sedimentation tank in wastewater treatment plant; that’s 

to say, the presence of solids does not affect the flow pattern of the liquid but the 

turbulence of mixture. First, the suspended solid concentration of influent to primary 

sedimentation tank at Syvab is usually not measured. To get this information, the 

process engineer at Syvab measured the value only for one week (the coming week 

after study visit, 4/1-4/7) which ranges from 243-306mg/l, great than the stated 

concentration. The lack of data of the distribution of suspended solid concentration and 

the effect of solid phase on the turbulence mixture constitute a big uncertainty in this 

project. So, in the future a more sophisticated CFD model taking the components of 

particulate flow, turbulence, particle settling and even sludge rheology into 

consideration should be constructed while some experiments in related aspects are 

needed in the same time probably. The density currents induced by the difference of 

suspended solid concentration between the influent to the tank and the raw sewage in 

the tank have to be taken into account when modeling the secondary sedimentation tank, 

not primary one. However, the density currents evoked by the temperature difference 

might exist in primary settling tank. Besides that, a 3D version modeling can be 

developed if the computer is competent to undertake the tremendous computing 

workload within the required time. The dimension of the primary clarifier is determined 

based on the average flow condition in dry weather. (Water Environment Federation, 

2005) With the research done by (Patricia Rodr´ıguez L´opez, 2007), the conclusion 

that the optimized velocity inlet location depends on the flow condition was drawn 

which means that in minimum, average and maximum flow conditions the most suitable 

location of water inlet is different. The situations at these 3 different flow conditions 

should be simulated. 

 

Installing the perforated baffles can be a possible optimization method to be tested. 

What’s more, the experts at IVL put forward an idea that whether a vortex inflow to the 

tank is possible to enhance separation. It’s found that a hydrodynamic vortex separator 

(HDVS) can be used as a ‘plug-flow mixing devices’. (Water Environment Federation, 

2005) And there are some plants utilizing HDVS as a grit removal structure which is 
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the one before primary sedimentation tank. If testing this proposed idea, a 3D model 

consisting of the HDVS and the inlet zone of primary tank at least should be developed. 
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