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SIMULASI BERANGKA SISTEM LATA PENGUDARAAN BAGI 

PENYINGKIRAN BESI DAN MANGAN 

ABSTRAK 

 

Dalam rawatan air bawah tanah, banyak teknik telah disiasat, termasuk sistem Lata 

pengudaraan, yang merupakan teknik untuk menghilangkan logam berat seperti besi 

dan mangan. Lata pengudaraan juga digunakan sebagai kaedah yang berkesan, kos 

rendah untuk merawat air bawah tanah. Dalam kajian ini, Kaedah Lattice Boltzmann 

(LBM) telah digunakan untuk menyiasat proses pengudaraan dalam model lata 

pengudaraan yang baru direka bentuk. Untuk lata pengudaraan baru ini, dimensi yang 

berbeza telah digunakan untuk menentukan reka bentuk terbaik yang boleh 

mengurangkan kepekatan besi dan mangan. Dua set simulasi LBM, dan dua set 

eksperimen Velocimetry Gambar Zarah (PIV) telah dijalankan, dan halaju aliran 

dikira. Berdasarkan penemuan, ditunjukkan bahawa simulasi LBM, dan data PIV 

berada dalam persetujuan yang baik antara satu sama lain dari segi pengedaran halaju. 

Di samping itu, ia juga mendapati bahawa halaju air mempunyai pengaruh yang 

signifikan terhadap kecekapan pengudaraan. Peronggaan tersebut merosakkan struktur 

limpahan lonjakan, dan proses pengoksidaan mengurangkan besi dan mangan di dalam 

air dengan meningkatkan oksigen terlarut. Dalam kajian ini, dua model fizikal lata 

pengudaraan digunakan, Model A dan Model B, dengan kadar aliran 1.78 l/j, 2.0 l / j, 

dan 2.20 l / j. Kepekatan oksigen terlarut meningkat dari 0.8 kepada 1.4 mg / L untuk 

Model A, dan dari 0.7 kepada 1.2 mg / L untuk Model B. Pengeluaran kepekatan besi 

dan mangan adalah 11.3 mg / L sehingga 16.3 mg / L (2%) , dan 0.31 mg / L sehingga 

0.50 mg / L (21%). Untuk perbandingan yang lebih komprehensif, Model C adalah 

dicipta menggunakan simulasi LBM. Saiz panjang langkah dalam Model C adalah 

lebih panjang daripada Model A dan Model B. Selebihnya dimensi dalam Model C 
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adalah serupa dengan dua model yang lain. Secara keseluruhan, panjang Model C ialah 

400 mm. Peningkatan yang ketara dapat dilihat dari peratusan penyingkiran yang 

dicatatkan oleh Model C, iaitu 50% hingga 52% lebih tinggi daripada yang dicatatkan 

dalam Model A, dan 55% kepada 63% lebih tinggi daripada Model B. Model-model 

ini telah direka menggunakan Dynamics Fluid Computational (CFD) untuk simulasi 

berangka. Analisis CFD membenarkan ramalan kehadiran besi dan mangan dalam 

model lata pengudaraan. Simulasi zarah besi dan mangan dilakukan menggunakan 

Kaedah Tahap Dispersed (DPM). Hasil yang diperolehi dengan kehadiran besi (10%) 

dan mangan (5%) dikira dari simulasi. Keputusan kehadiran besi dan mangan hampir 

sama dengan kerja percubaan sebenar. Oleh itu, CFD digunakan dengan jayanya 

sebagai alat untuk reka bentuk, dan ramalan kehadiran zarah dalam lata pengudaraan. 

Di samping itu, dengan menggunakan perisian Avogadro, interaksi antara zarah-zarah 

yang kelihatan dan pembacaan pengoptimuman geometri diperolehi berdasarkan 

keputusan tindak balas antara air, besi, dan mangan. Ini menunjukkan bahawa 

penggunaan perisian Avogadro dapat membantu dalam memerhatikan tindak balas 

antara zarah air, besi, dan mangan. Keadaan ini dapat dilihat dengan penambahan 

zarah-zarah yang menunjukkan peningkatan penghapusan besi dan mangan di dalam 

air bawah tanah. 
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NUMERICAL SIMULATION OF THE CASCADE AERATOR SYSTEM FOR 

THE REMOVAL OF IRON AND MANGANESE 

ABSTRACT 

 

In groundwater treatment, many techniques have been investigated, including the 

cascade aerator system, which is a technique to eliminate heavy metals such as iron 

and manganese. The cascade aerator is also used as an effective, low-cost method to 

treat groundwater. In this study, the Lattice Boltzmann Method (LBM) was used to 

investigate the aeration process in a newly-designed cascade aerator model. For this 

new cascade aerator, different dimensions were used to determine the best design that 

could reduce the concentration of iron and manganese. Two sets of LBM simulations, 

and two sets of Particle Image Velocimetry (PIV) experiments were carried out, and 

the velocity of the flow were calculated. Based on the findings, it was shown that the 

LBM simulations, and PIV data were in good agreement with each other in terms of 

velocity distribution. In addition, it was also found that water velocity had a significant 

influence on aeration efficiency. Cavitation damaged the overflow structure of the 

surge, and the oxidation process reduced the iron and manganese in the water by 

increasing the dissolved oxygen. In this study, two physical models of a cascade 

aerator were used, Model A and Model B, with flow rates of 1.78 l/h, 2.0 l/h, and 2.20 

l/h. The dissolved oxygen concentration was increased from 0.8 to 1.4 mg/L for Model 

A, and from 0.7 to 1.2 mg/L for Model B. The removal of iron and manganese was 

increased from 11.3 mg/L up to 16.3 mg/l (2%), and 0.31 mg/L up to 0.50 mg/l (21%) 

respectively. For a more comprehensive comparison, Model C was explored using 

LBM simulations. The length of the steps in Model C was longer than Model A and  

Model B. The rest of the dimensions in Model C were similar to the other two models. 

Overall, the length of the Model C was 400 mm. A significant increase could be 
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observed from the removal percentages recorded by Model C, which were 50% to 52% 

higher than those recorded in Model A, and 55% to 63% higher than Model B. These 

models were designed using Computational Fluid Dynamics (CFD) for numerical 

simulation. The CFD analysis allowed for the prediction of the presence of iron and 

manganese in the cascade aeration model. Simulations of iron and manganese particles 

were performed using the Dispersed Phase Method (DPM). Results obtained on the 

presence of iron (10%) and manganese (5%) were computed from the simulation. The 

results on the presence of iron and manganese was almost identical to the actual 

experimental work. Therefore, CFD was used successfully as a tool for design, and 

prediction of the presence of particles in the cascade aerator. In addition, with the use 

of the Avogadro Software, the interactions between the visible particles, and geometric 

optimisation readings were obtained based on the results on the reactions between 

water, iron, and manganese. This showed that the use of the Avogadro Software can 

help in observing the reactions between water, iron, and manganese particles. This can 

be seen with each addition of particles showing an increase in the removal of iron and 

manganese in groundwater. 
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APPENDICES 

Appendix A: Concentration Saturation Value of Dissolved Oxygen in 

         Freshwater Exposed to a Saturated Atmosphere 

 

Concentration Saturation Value of Dissolved Oxygen in Freshwater Exposed to 

a Saturated Atmosphere Containing 20.9% Oxygen under a Pressure of 101.325 

kPa 

 

 

 

 

 

 

 

 



Appendix B: Aeration Efficiency Data 

 

Variables 

  

Aeration Efficiency Tempe- 

rature 

Cascade 
Heighth, 

Flow 
rate, Qw 
(m3/hr) 

(oC) Tank 1: Tank 4: Cd - Cu Aeration 

H (m) 
  

Upstream Upstream (mg/L) Efficiency, 

0.865 m   DO, Cu DO, Cd   E20 

    (mg/L) (mg/L)     

A 1.78/1.11 30.8 1.3 3.4 2.1 0.29 

A 1.78/1.11 30.8 1.1 3.4 2.3 0.30 

A 1.78/1.11 30.8 1.3 4.6 3.3 0.46 

A 1.78/1.11 30.8 1.3 3.9 2.6 0.36 

B 2.0/1.33 30.8 1.6 3.6 2.0 0.29 

B 2.0/1.33 30.8 1.4 3.6 2.2 0.30 

B 2.0/1.33 30.8 1.6 3.6 2.0 0.29 

B 2.0/1.33 30.9 1.5 3.6 2.1 0.29 

C 2.0/1.55 30.9 1.6 3.6 2.0 0.29 

C 2.0/1.55 30.9 1.5 3.6 2.1 0.29 

C 2.0/1.55 30.9 1.6 3.6 2.0 0.29 

C 2.0/1.55 30.9 1.7 3.7 2.0 0.29 

D 1.78/1.11 31.1 1.3 3.5 2.2 0.30 

D 1.78/1.11 31.1 0.8 3.3 2.5 0.31 

D 1.78/1.11 31.1 0.9 3.3 2.4 0.31 

D 1.78/1.11 31.1 1.2 3.3 2.1 0.28 

E 2.0/1.33 31.0 1.2 3.5 2.3 0.31 

E 2.0/1.33 31.0 1.3 3.5 2.2 0.30 

E 2.0/1.33 31.0 1.5 3.7 2.2 0.31 

E 2.0/1.33 31.0 1.4 3.7 2.3 0.32 

F 2.22/1.55 30.9 1.5 3.7 2.2 0.31 

F 2.22/1.55 30.9 1.8 3.9 2.1 0.31 

F 2.22/1.55 30.9 1.8 3.7 1.9 0.28 

F 2.22/1.55 31.0 1.6 3.7 2.1 0.30 

 

 

 

 

 



Appendix C: Velocity result of simulation and experiment for Model A and 

                                     Model B 

 

 

Velocity result of simulation and experiment for Model A 

Point Velocity, m/s Location of the Point 

Simulation Experiment X Y Z 

A 0.242 0.258 94 39.5 72 

B 0.248 0.270 77 39.5 68 

C 0.323 0.361 63 39.5 64 

D 0.378 0.389 64 39.5 63 

 

Velocity result of simulation and experiment for Model B 

Point Velocity, m/s Location of the Point 

Simulation Experiment X Y Z 

A 0.293 0.301 93 39.5 72 

B 0.318 0.346 77 39.5 68 

C 0.456 0.475 65 39.5 64 

D 0.495 0.501 66 39.5 63 

 

 

 

 

 

 



Appendix D: Simulation Pressure for Model A and Model B 

 

Pressure in simulation results for Model A. 

 

Model 

 

Pressure, Pa 

Point of location 

X Y Z 

A 1.533 93 39.5 72 

B 1.524 77 39.5 68 

C 1.458 63 39.5 64 

D 1.360 64 39.5 63 

 

 

 

 

Pressure in simulation results for Model B. 

 

Model 

 

Pressure, Pa 

Point of location 

X Y Z 

A 1.396 94 39.5 72 

B 1.152 76 39.5 68 

C 1.054 65 39.5 64 

D 0.683 65 39.5 63 

 

 

 

 

 

 

 

 

 



Appendix E: EPA Guideline: Water and Wastewater Sampling 

 

 



 

 

 

 

 

 

 



Appendix F: PALABOS code for Cascade Aerator 

damBreak3d_1 

 



 



 



 



 



 



 

 

 

 

 

 

 

 



damBreak3d_2 

 

 



 

 



 

 



 



 

 



 

 



 

 

 

 

 

 

 

 

 

 

 

 

 



damBreak3d_3 

 



 



 



 

 

 



 

 



 

 



 

 

 

 

 



damBreak3d_4 

 

 

 



 

 



 

 



 

 

 



 

 



 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 



Appendix G: Act2_Output-Fe2 and Mn 

Act2_Output-Fe2 

 

 



 

 

 

 

 



Act2_Output-Fe21 

 

 

 



 

 

 

 



 

Act2_Output-Mn 

 

 



 

 

Act2_Output-Mn-1 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 



Appendix H: Groundwater Characteristic 
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Appendix I: WHO Guideline 

 

 

 

 

 

 

 

 

 



Appendix J: MOH Guideline 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Appendix K: Water flow Pattern and Velocity profile for Model C 

 
Step Flow Pattern Velocity 

1   

2   

3   

4   



Appendix L: Characteristic Data 

CHARACTERISTIC 1 2 3 4 5 6 7 8 9 10 11 12 

Temperature, OC 30.8 30.51 30.9 30.8 30.8 30.7 30.95 30.91 30.9 30.81 30.9 31.2 

pH 6.12 6.13 6.15 6.14 6.14 6.15 6.14 6.13 6.14 6.14 6.12 6.14 

COLOUR -1 -1 -2 -2 -3 -1 -2 -2 -2 -1 -3 -4 

PtCo (465nm)                       

TURBIDITY  10.54 6.13 10.12 12.1 14.76 7.51 11.6 13.1 6.12 10.53 11.23 11.53 

Ntu                  

CHEMICAL OXYGEN DEMAND 8 5.5 5.5 5.1 5.6 6.2 6.6 6.2 5.1 4.4 4 4.3 

[COD] mg/L                       

BIOCHEMICAL OXYGEN DEMAND 2.1 2.3 1.7 1.7 1.8 2.4 1.9 2.3 2.4 1.62 1.7 2.2 

[BOD] mg/L                  

TOTAL DISSOLVED SOLIDS [TDS] 

mg/L 

                      

132.21 140.1 141.2 131.41 144.62 130 136.55 142.33 143.11 147.55 144.21 132.1 

SALINITY (ppt) 0.1 0.11 0.09 0.89 0.11 0.1 0.009 0.1 0.11 0.11 0.1 0.1 

DISSOLVED OXYGEN ON SITE 

mg/L 

1.5 1.5 1.55 1.56 1.52 1.6 1.51 1.54 1.56 1.55 1.57 1.55 

                      

 

CONDUCTIVITY  
 

                 

233.56 235.16 222.91 222.8 244.12 234.15 246.5 245.91 234.45 239.1 245.3 234.66 

Ferum (Fe) mg/L 11.1 11.4 11 11.2 11.1 11.1 11.3 11.5 11.3 11.2 11.1 11.4 

Manganese (Mn) mg/L 0.55 0.52 0.5 0.53 0.51 0.53 0.54 0.53 0.56 0.52 0.53 0.54 
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CHAPTER ONE 

INTRODUCTION 

 

1.1 General 

 

Groundwater is the water found between the fractures and space in soils, sand, and 

rocks. It is stored and moves slowly through the geological formation of soils, sand 

and rocks called aquifers. Groundwater is one of the sources of water, besides surface 

water, that can be used for daily needs, such as bathing, cooking, and washing, where 

it represents about 97% of the freshwater resources on the Earth that are available for 

human use (Lopez-Gunn and Jarvis, 2009). In Malaysia, however, the use of 

groundwater as a water source is minimal because most of its water sources are from 

surface waters such as rivers, lakes, and dams. In actual fact, many years ago, before 

Malaysia had systematic water distribution, people had used groundwater as a water 

source for their daily activities. 

However, the increasing life expectancy, and technological capabilities reduce 

the use of groundwater as a water source as there are various technologies that allow 

the purification of existing water. Now, nevertheless, the use of groundwater is again 

being considered due to the contamination of surface water, but groundwater needs to 

be treated before its usage is expanded as one of the main water sources for humans. 

The main problem of using groundwater as a water source is the presence of minerals 

such as iron and manganese.  

Iron and manganese are naturally-occurring minerals in the Earth’s crust, 

where iron is the most widely discovered metal, which usually coexists with 

manganese. In drinking water, however, the World Health Organisation (WHO)  
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proposes that iron and manganese concentrations should be less than 0.3 mg/l and 0.1 

mg/l respectively. Although the existing iron and minerals in drinking water are not 

health-threatening, it becomes a problem when they have contact with the bacteria 

found in soil, aquifers, and some surface waters (Rathinakumar et al., 2014). The 

bacteria feed on the iron (Fe2+) and manganese (Mn2+) in water, consequently forming 

red-brown compounds for iron, or black-brown for manganese. This reaction is often 

detected in toilet tanks, pipe systems, and clogged water systems. The presence of iron 

and manganese in domestic drinking water delivery systems has become a serious 

problem because it changes the taste, colour, and odour of the water. According to 

Munter et al. (2005), iron behaviour depends on organic types and concentration, while 

organic substances (or silica) in water may interfere with the iron removal process by 

forming stable complexes with iron, Fe2+ and Fe3+, with Fe3+ complexes being stronger 

and more stable compared to Fe2+. In well water, the concentration of iron (Fe2+) and 

manganese (Mn2+) is seasonal, and varies with the depth and location of the well, and 

the geology of the area, where iron (Fe2+) and manganese (Mn2+) naturally occur in 

groundwater that has little or no oxygen (Kumar et al., 2013).  

The suitability of the method used to treat groundwater by removing the iron 

and manganese depends on the study area, soil type, and water characteristics as well 

as the operational costs, and amount of surface water. The study area plays an 

important role in determining the type of system to be used to remove iron and 

manganese as it requires a system that is economical, technically secure, and beneficial 

for the community (Wüthrich and Chanson, 2014).  

To solve the issue of heavy metals in groundwater, a better technology has to be 

identified. The technologies used should be suitable with the raw water source, and the 

social and economic conditions of the surrounding community for the water treatment  
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to be truly effective. These technologies typically focus on the removal of iron and 

manganese from groundwater, which is accomplished by oxidation, precipitation, and 

sand filtration for the separation of the oxidation metals (Ellis et al., 2000). 

Conventionally, iron is removed from groundwater by the processes of aeration, 

and rapid filtration. Different mechanisms may contribute to iron removal in filters: 

flock filtration (Teunissen et al., 2008), adsorptive iron removal (Teunissen et al., 

2008; Vries et al., 2017), and biological iron removal (Juanjuan et al., 2009; Yulan et 

al., 2010). Water containing iron can be divided into two main groups: waters where 

iron is separated after aeration, and waters where iron remains in the solution after 

aeration for a long period of time (Munter et al., 2005). Usually, roughing filters are 

primarily used to separate these fine solid particles of iron from the water that are only 

partly, or not at all retained by stilling basins or sedimentation tanks after the aeration 

process is completed. The large filter surface area available for sedimentation, and 

relatively small filtration rates also support absorption besides chemical and biological 

processes (Nkwonta and Ochieng, 2009).  

In the design of a cascade aerator, in order to observe actual molecular reactions, 

software use is indispensable. However, there is no proper method of predicting the 

removal of iron and manganese in qualitative and empirical terms; the only way to do 

this is by studying expensive hydraulic models. Due to the high costs involved in the 

design and construction of a small-scale physical laboratory model, there is a need for 

further research in numerical simulation. The main disadvantage of the physical 

hydraulic model is the relatively long period of time required for building the model, 

data acquisition, and analysis. The numeric code introduced in the present study has 

no weakness. In this study, the use of the comprehensive LBM model is used with 

several cascade aerator designs, and comparisons with experimental development 

models will be discussed in detail. In addition, CFD and Avogadro is used in testing 
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the particles found in groundwater to see the reaction between the particles in this 

study. 

 

1.2 Problem Statement 

 

The main problem of this study area is that there are high concentrations of 

iron and manganese pollutants due to the periodically changing concentrations of 

water. Therefore, the raw water needed to be extracted directly from the existing tubes 

to flow into the cascade aerator to be treated. In order to make the cascade aerator more 

effective and improve the aerated groundwater quality, the oxygen transfer mass 

should be increased, which can be done by changing the cascade dimensions in the 

existing model, such as the height and angle of the cascade aerator. This is supported 

by Oh et al. (2015), where according to his study on mine water, the height of the mine 

drainage drop is a dominant factor in the efficiency of the cascade aerator, where the 

Fe2+ removal rate can be approximated by the prediction model with initial water 

quality summarised by the aerator drop height. This method increases the dissolved 

oxygen (DO), and decreases the concentration of iron and manganese without using 

any chemical products, while also ensuring that the water filter requires less 

maintenance. Therefore, the idea of increasing dissolved oxygen in the cascade aerator 

design is considered. However, the solubility of iron compounds increases at lower pH 

values. Usually, there is a difference between water-soluble Fe2+ and water-insoluble 

Fe3+ compounds. 

Other aeration systems are less efficient as the cost for these systems is higher 

than the cost of the energy required to remove the heavy metals. In contrast, the 

proposed cascade aerator in this research will ensure maximum efficiency in removing 

the iron and manganese from the water source in all aspects, such as cost, air, and air 
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space. In addition, the high operation and maintenance costs of other types of aeration 

systems, which require high expertise for the maintenance of every part of the aerator 

operation, resulted in this method being used. Although the cascade aerator operating 

method is low cost, the aeration equipment works efficiently—without any solid waste 

floating on the water trapped in the cascade tank. This situation would affect the 

transfer of oxygen into the mass of water, as happens with other aerator systems. 

Many techniques have been studied in water treatment structures. According 

to Bogue (2010), and Kumar et al. (2013), a cascade aerator is a tool that has a low 

construction cost, and is one of the most effective ways to treat groundwater. The 

Lattice Boltzmann Method (LBM) is used in this research because it deals with macro-

scale problems related to fluid flow. In this research, LBM and experimental works 

are used together to investigate the aeration process in the newly designed cascade 

aerators. In designing new cascade aerators, different dimensions are used to determine 

the best design that can effectively decrease the concentration of iron and manganese. 

The LBM was chosen because this software is different from other Computational 

Fluid Dynamics (CFD) tools, such as Flown 3D, Mock Flow, and others, that are used 

in the School of Civil Engineering, USM. This software uses a code to design the 

model, and is very useful for modelling multiphase interfaces, and complicated 

boundary conditions.  

Finally, the Dispersed Phase Method (DPM) and Avogadro Software are used 

to investigate the particles in the groundwater that affect the aeration process. The two 

software are used to investigate the interaction between the water particles, iron, and 

manganese. This interaction is important for this study because it provides information 

on the number of particles involved, how much the particles react, and how quickly 

the reaction can be stimulated. On the other hand, the reaction between the three 

particles (iron, manganese, and water) with oxygen may also be stimulated to prove 
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that the calculated equations can be demonstrated. The DPM considers particle 

detection in a simulation of various particle problems. The physical properties of 

discrete particles, velocity, and phase sizes are defined using constant phase conditions 

when the particles move through the flow. Both methods can help researchers in 

implementing the removal process more easily. 

 

1.3 Research Objectives 

 

This study embarks on the following objectives:  

1. To determine the groundwater quality at Rumah Anak Yatim Nur Kasih, 

Taiping.  

2. To investigate the performance of the two proposed laboratory-scale cascade 

aerator systems for water quality treatment. 

3. To validate the performance of the cascade aerator systems using the Lattice 

Boltzmann Method (LBM). 

4. To measure the removal of iron (Fe2+) and manganese (Mn2+) using Inductively 

Coupled Plasma (ICP), and validate them using particle-based Dispersed Phase 

Method (DPM) and Avogadro Software.  

 

1.4 Scope of Work 

 

The scope of study focuses on determining groundwater quality using standard 

laboratory tests and apparatus. The groundwater sample from the tube well at Rumah 

Anak Yatim Nur Kasih is analysed for pH, chemical oxygen demand, biological 

chemical demand, turbidity, colour, and heavy metal concentrations. There are two 

laboratory-scale models, namely Model A and Model B, with dimensions of 1.53 m 

(L) x 0.865 m (H) x 0.3 m (W), and 1.53 m (L) x 0.727 m (H) x 0.3 m (W). Their 
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parameters and operation performance are measured using the Inductively Coupled 

Plasma (ICP), portable spectrometer, submersible pump, flow sensor, turbidity meter, 

Arduino, and ICP standard solution. 

Simulation of the performance of the cascade aerator system is carried out based 

on the Lattice Boltzmann Method. The results are viewed using the Paraview Software. 

Validation between the experiment and computer simulations is done using particle 

image velocimetry. Further verification of iron and manganese in groundwater is 

through the Discrete Phase Model. The interaction between the water molecules, iron, 

and manganese is visualised using Avogadro Software. Determination of optimum pH 

for oxidation is conducted with the Geochemist’s Workbench. All the software used 

in the study are the Lattice Boltzmann, PALABOS, ANSYS-DPM, Geochemist’s 

Workbench, and Avogadro. Some of the challenges in carrying out this study are the 

large models which need to be transferred to the field, and limited storage space at the 

orphanage. 

1.5 Thesis Organisation 

 

This section briefly outlines the content of each of the five chapters in this 

thesis. Chapter 1 consists of an introduction to the research, problem statement, the 

objectives and the scope of work for this research. Chapter 2 presents the review of 

previous research related or associated with the present research. The review includes 

some recent works on iron and manganese, cascade aerators, aeration, software as well 

as experiments. Chapter 3 presents the methodology that provides information on the 

flow of research, and briefly introduces the site of study for this research. Chapter 4 

presents the numerical method, the procedure used in simulating the cascade aerator 

model, and the software used throughout the research. It also presents the data 

collected on site, and the simulation data. Subsequently, all the data are analysed and 
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discussed in this chapter. Finally, Chapter 5 concludes this thesis in parallel to the 

research objectives stated in Chapter 1, closing with several recommendations for 

future studies.  
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CHAPTER TWO 

LITERATURE REVIEW 

 

2.1 Introduction 

 

This chapter discusses previous research, and fundamentals regarding the cascade 

aerator, aeration, simulations, experiments, and validation methods. This chapter also 

discusses the geometry and dimensions of the cascade aerator that should be modelled 

based on previous studies. This work is different from others because the cascade 

aerator is used to treat groundwater, and not surface water or wastewater. The study of 

the literature is done to find the ideal dimensions to redesign the cascade aerator to 

effectively remove iron and manganese. 

Groundwater plays an important role in the development of water resource 

management. Therefore, there is a growing demand for hydrological information on 

groundwater, and the hydraulic movement of water in aquifers. The main purpose is 

to ensure that the use of groundwater has its advantages, and can be treated to become 

a well-preserved water source. One of the ways to treat groundwater is through the 

aeration process, in which oxygen is very important. Hence, the amount of oxygen 

dissolved in the groundwater should be calculated to make sure that the contaminants 

in the groundwater are removed before the water is supplied to the consumer. The 

method selected to improve the oxygen content in the aeration process to eliminate 

groundwater pollution is by using the cascade aerator.  

There are many factors why the cascade aerator was chosen for this study, 

which will be explained in detail. Additionally, the use of numerical studies in the 

implementation of this study is helpful in getting the best results. There are many 

studies on the use of Computational Fluid Dynamics (CFD) Software, and a few 
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studies that use the Lattice Boltzmann Method (LBM) in modelling and simulating the 

cascade aerator. On the other hand, many methods have been developed to investigate 

the aeration process, such as Volume of Fluid Method, Flown 3D model, laboratory 

experiments, and others. 

Therefore, the literature review here focuses on the fundamentals of the 

aeration process, and the LBM applied by the researcher in designing the cascade 

aerator.  

 

2.2 Groundwater 

 

Groundwater is water that flows or collects beneath the Earth’s surface, and 

originates from rain, and melting snow and ice. It sinks into the ground, filling the 

small empty spaces in soil, sediments, and porous rocks. Aquifers, springs, and wells 

are supplied by the flow of groundwater (Bouchard et al., 2011; Katsoyiannis and  

Zouboulis, 2004; Yulan et al., 2010). Appelo et al. (1999) conducted a study on the 

removal of iron and manganese from groundwater by using in situ modelling, where 

the modelling used a volume of oxygenated water, and a large volume of groundwater. 

The result of the experiment showed that the concentration of oxidants in injected 

water has an insignificant effect due to low changes in the ferrous iron.   

The problem for researchers is on how to inject maximum Dissolved Oxygen 

(DO) in the water, and achieve safe drinking water standards for groundwater. SPSS 

analysis software has been used to determine the concentration of dissolved oxygen in 

the removal of iron and manganese (Juanjuan et al., 2009). Ellis et al. (2000) focused 

on the microfiltration (MF) of iron and manganese with variables such as tangential 

flow rate, pressure, and metal feed concentrations, where the artificial and natural 

groundwater showed similar behaviours. In Morocco, ferrous iron in groundwater was 
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studied by Azher et al. (2008), where they found that the mixing reactor was justified, 

and the iron was oxidised from the aeration process in the 63 L split-rectangular airlift 

reactor. 

In 1998, in order to overcome the dry season and expand urban water supply, 

the Malaysian federal government announced in the Ninth Malaysia Plan (2006-2010), 

“...groundwater development will be promoted as an interim measure to address water 

shortages in Selangor, Kuala Lumpur and Putrajaya” (EPU, 2005). 

Groundwater is often seen as a reliable source of clean water, making it an ideal 

source for the water demand in urban areas. But in urban areas, in particular, aquifers 

are often threatened by pollution and over extraction that can destroy these 

groundwater sources. To protect groundwater resources, Health and Safety 

Regulations were implemented in the United States in the 1920s. In Kuala Lumpur, a 

lack of knowledge on groundwater has been highlighted in some water resource 

studies, but there is no underground monitoring and business modelling. However, 

there is an increase in incentives to make groundwater a potential drinking water 

source for Kuala Lumpur including the increase in water demand caused by population 

growth, economic threats, and pollution to lakes and rivers. Therefore, it is timely to 

re-evaluate the potential of potable groundwater as a drinking water source for Kuala 

Lumpur. In fact, groundwater is used in Kedah and Kelantan as an alternative to tap 

water in low water pressure areas, and in rural areas. However, the use of groundwater 

is not as extensive as the use of surface water. 

A pilot plant for groundwater in northern Croatia was studied by Štembal et al. 

(2005). The study focused on removing ammonia, iron, and manganese from the 

groundwater, where nitrification was only detected in the middle part of the biofilter; 

however, the iron, ammonia, and manganese had disappeared completely. Besides 
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that, a comparison of full-scale trickling filters used in the Oasen water treatment plant, 

Lekkerkerk, showed some differences in the removal of manganese. There were some 

problems with the combination of nitrification, where the nitrification encouraged 

competition between phosphate and essential trace substrates in biological processes 

due to the incomplete removal of manganese (de Vet et al., 2010). Meanwhile, 

Berbenni et al. (2000) had conducted a laboratory test to prove that biological 

processes and autocatalysis play a role in the elimination of manganese in the liquid 

phase, and the whole process depended on parameters such as redox potential, 

temperature, and sludge age. 

 Figure 2.1 shows the major physicochemical changes and redox reactions 

occurring along the groundwater flow paths when a confined groundwater system is 

entered by groundwater. According to widely used models for closed oxidation 

systems, spatial distribution of the oxidised species in closed aquifers containing 

excess dissolved oxygen concentrations (DOCs) should follow predictable patterns. 

The input of the further oxidised species will be closed, and the expected reductions 

will occur along the path (Malard and Hervant, 1999). The first reaction, due to the 

high free energy change (± 120 kcal), is aerobic breathing, resulting in the loss of DO 

in groundwater. This model is used to answer two questions: the extent to which the 

distance from the oxygen reaction area is lost, and how long the oxygen has been in 

the groundwater. Both of these questions need to be answered to produce effective 

models for closed oxidation systems. Based on studies conducted in Malaysia and 

abroad, groundwater is used to replace contaminated water resources or surface water. 

In any case, the use of groundwater should be studied in terms of its properties and 

contents that allow water treatment to be carried out before being channelled to 

consumers. 
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2.3 Heavy Metals 

 

Heavy metals are defined as metals with high densities, atomic numbers, or 

atomic weights, according to the explanation by Hawkes (1997), which are metals of 

high specific gravity, especially those having the specific gravity of 5.0, or densities 

above 5 g/cm3. From a chemistry definition, there are no metals with densities less 

than 5 g/cm3, but this parameter is of little concern to chemists compared to the metals’ 

chemical properties or behaviours. Common heavy metals such as copper, iron, silver, 

gold, and many more can be discovered in the ground. However, heavy metals found 

in the soil will contaminate the groundwater. Contamination occurs when solid waste 

from industrial units, which is disposed of near the factories, react with percolating 

rain water, and reach groundwater. Water absorption into the soil will collect a large 

Figure 2.1: Major physicochemical changes and redox reactions occurring along 

groundwater flow paths in a confined aquifer system (Malard and Hervant, 1999)  
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amount of heavy metals that reach the aquifer system, and pollute the groundwater. 

The use of water contaminated from mercury, arsenic, and cadmium, which are used 

or produced by many industries in the mainland, causes illnesses. Soil may be 

contaminated by the accumulation of heavy metals and metalloids through emissions 

from a rapidly growing industrial area (Wuana and Okieimen, 2011). The heavy metal 

pollution of the land can pose risks and dangers to humans and ecosystems through: 

direct dialling or contact with contaminated soil, the food chain (human-grown plants 

 humans and animals), and contaminated groundwater. However, there are also 

commonly used procedures for the removal of metal ions from aqueous liquids 

including chemical precipitation, inverse osmosis, and solvent extraction, but these 

methods have weaknesses such as incomplete metal removal, high reagent and energy 

requirements, toxic sludge generation, or other waste products that require disposal 

(Chandra Sekhar et al., 2003). 

Heavy metals can also be hazardous because of their higher tendency to 

increase concentration in biological organisms compared to the chemical 

concentration in the environment. This is because, in the environment, heavy metals 

are formed alone without active reaction. Therefore, Parameter Limits for Standard A 

and Standard B by the Department of Environment (DOE) Malaysia, shown in Table 

2.1, are required to determine the standard to be followed. These standards should be 

used and followed by industries that produce heavy metals, where they should dispose 

of them responsibly instead of releasing the heavy metals into rivers or lakes. This is 

important in preventing water sources from being contaminated and causing various 

illnesses and side effects. 
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Table 2.1: Parameter limits for Standard A and Standard B (Source: Department of 

Environment (DOE)) 

Parameter Unit Standard A Standard B 

Lead (II) mg/l 0.10 0.50 

Cadmium (II) mg/l 0.01 0.02 

Manganese (II) mg/l 0.20 1.00 

Nickel (II) mg/l 0.20 1.00 

Zinc (II) mg/l 2.00 2.00 

Ferum (II) mg/l 1.00 5.00 

 

According to Rosman (2010), heavy metals are chemical elements that are five 

times the specific gravity of water. The specific gravity of heavy metals is measured 

using the density of a given amount of a solid substance compared to an equal amount 

of water. Some examples of heavy metals that have a higher specific gravity than water 

are iron (7.9), manganese (7.42), nickel (8.9), mercury (5.7), and lead (11.34). 

 

2.3.1 Toxicity of Heavy Metals 

 

There are more than 15 heavy metals recorded, but only four are detrimental to 

human health: mercury (Hg), cadmium (Cd), lead (Pb), and inorganic arsenic (As). 

The presence of these heavy metals found in nature is toxic to humans, proven by the 

health problems arising from exposure to heavy metals, hence making them a major 

threat to human health (Jaishankar et al., 2014). According to Wynne (2010), these 

four heavy metals are always present in toxic waste sites. The high toxicity of heavy 

metals can be damaging even in very low concentrations as they are stored in the 

kidneys, and hard tissues such as bone (Rosman, 2010). 
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2.3.2 Iron and Manganese 

 

 Iron and manganese are two of the heavy metal elements that can be found in 

groundwater. They can be detected through two ways: observation (when iron and 

manganese are exposed to oxygen, colour changes occur, where iron is oxidised into 

a red-brown compound while manganese turns black-brown), and tests performed at 

the laboratory that determine the concentration of the metals. They are mostly present 

in the soluble form of divalent iron (Fe2+) and manganese (Mn2+) ions (Khadse et al., 

2015). Additionally, according to Khadse et al. (2015), waters containing iron and 

manganese exposed to air or oxygen will become cloudy and turbid due to the 

oxidation of iron and manganese to Fe3+ and Mn4+, which form colloidal precipitates. 

This is due to the rapid reaction between the heavy metals and air when heavy metals 

are exposed to air. Therefore, it only takes a short amount of time for the form of the 

heavy metals to change to Fe3+ or Mn4+ after being exposed to air (Sawyer, 1959). 

In other countries, there are two tests conducted by researchers to test public 

water supplies, and private water supplies  (Bruce and Sharon, 2014) according to the 

U.S. Environment Protection Agency (EPA), which fall into either of two categories: 

Secondary Standards, or Primary Standards. Secondary Standards are based on 

aesthetic factors such as taste, colour, appearance, staining, and others. On the other 

hand, Primary Standards are based on health considerations, and are designed to 

protect human health. Similarly, testing of private water supplies needs to be done in 

laboratories, and in accordance with EPA methods.  

Testing the water treatment is a method to clean public, and private water 

supplies. Sometimes, the iron in pipes could cause the appearance of iron in the water 

supply, according to Bruce and Sharon (2014). In deep wells where oxygen content is 

low, the iron/manganese-bearing water is clean and colourless. This means that if the 
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iron and manganese are not exposed to air, then changes in taste and appearance, and 

staining would not occur. 

 

2.4 Techniques Used to Remove Iron and Manganese  

 

There are many types of techniques in removing iron and manganese from the 

domestic water system. In aeration systems, there are several ways that are used to 

remove iron and manganese, such as the biological aerated filter (Yulan et al., 2010), 

oxidation (Munter et al., 2005), and cascade aeration (Kokila and Divya, 2015). These 

systems are usually used in actual industries in order to remove iron and manganese in 

surface water, groundwater, and wastewater treatment. Table 2.2 below shows the iron 

and manganese removal methods and description.  

 In the treatment of passive manganese, manganese can now be removed at the 

same time as iron, and manganese removal is efficient. This condition can be 

implemented with the catalytic action of this substrate coupled with aeration, providing 

the conditions necessary to overcome the kinetically slow manganese oxidation in the 

presence of dissolved iron (Johnson, 2003). Aeration interests have been 

demonstrated, especially when the system is subject to environmental stresses such as 

low (or non-existent) light, low temperatures (down to 4°C), and the presence of 

dissolved iron in influential water. If iron concentrations are high, both manganese and 

iron can be eliminated. 

The use of biofiltration (as in biological aerated filters) has been studied by 

Burger et al. (2008), where their study with small columns that have been injected with 

indigenous biofilms from manganese (Mn) filtration plants, and filtration columns that 

have been injected with a liquid suspension of Leptothrix discophora SP-6 showed that 

the removal of manganese can be done with a larger pH range than what they had 
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previously investigated. But the ability of this treatment technology to work 

extensively in influential conditions allows more people to consider biological 

treatments as an option to eliminate manganese from their drinking water (Burger et 

al., 2008). 

In terms of chemical reactions, removal of iron and manganese from lakes 

using chlorine dosage has been investigated using ultrafiltration (UF) systems. In this 

system, chlorine is added to remove iron and manganese from drinking water (Choo 

et al., 2005). In Choo et al.’s (2005) study, the use of chlorine depended on the content 

of iron and manganese in the water source. The addition of chlorine into the water 

increased the efficiency of manganese removal, whereby the process occurred rapidly 

until it reached 80% removal using a dose of chlorine of 3 mg/l, known as Cl2. 

Table 2.2: Iron and manganese removal methods 

Method Description 

Biological 

Aerated 

Filter 

Biological aerated filters use two layers of ceramsite as support materials in 

the lab. The system is simultaneously injected with iron bacteria and 

manganese oxide, and nitrifying bacteria, and a series of experiments is 

carried out to investigate the removal of simultaneous filters. The effect of 

variation in the rate of simultaneous removal of nitrogen, manganese, iron, 

and ammonia is studied. At the same time, the effluent concentration and 

removal of ammonium, manganese, iron, and nitrogen along the depth of the 

filter is analysed. 

Oxidation Oxidation is the loss of electrons during reaction by molecules, atoms, or 

ions. Oxidation occurs when the oxidation state of the molecule, atom, or ion 

increases. This happens in the case of iron and manganese where the ferrous 

system acts as a catalyst for the transfer of electrons to the oxidation of 

organic matter, depending on the Fe2+ oxidation and Fe3+ reduction rates 

compared to rate of total oxygen reduction of Fe2+ by organic matter. The 

higher the pH, the more the oxidation process of more Fe2+ organic 

complexes is retarded. For example, at pH 8, the reduction of the constant 

rate by a factor of 10 results in doubling the semi-life of complex Fe2+ with 

oxidation. Oxidation will affect the removal of substances such as ammonia, 

carbon dioxide chlorine, hydrogen sulphide, methane, iron, and manganese. 

Cascade 

Aeration 

Cascade aerators drain air into waterways to oxidise iron, and reduce 

dissolved gases. This solution carries water and air in close contact to remove 

dissolved gases (such as carbon dioxide). It oxidises dissolved metals such 

as iron, hydrogen sulphide, and volatile organic chemicals (VOCs). 
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In addition, according to Lin et al. (2011), Palygorskite can also be used in the 

removal of iron and manganese in the form of aqueous solution. Chemicals and 

reagents were used in conducting batch studies where the combustion temperature, the 

effect of reaction time, and acid concentration were monitored. As a result, both the 

metal iron and manganese had been exposed well, and achieved equilibrium absorption 

in a short period of time (Lin et al., 2011). 

In wetland treatment systems, the removal of iron and manganese is reviewed 

through rates, processes, and implications for management, where the removal of iron 

is successfully done with the installation of a passive treatment system. However, if 

the concentration of iron is very low, the biotic removal process will become a priority 

(Batty et al., 2008). According to Batty et al. (2008), manganese can be eliminated 

using the wetland, but the removal of iron must be done before the manganese removal 

takes place. This indicates that the process of removal of iron and manganese cannot 

be done simultaneously. The following subtopics describe four other methods of iron 

and manganese removal (namely, biological aerated filters, biosand filters, freeze/thaw 

cycles, and chemical reactions) aside from aeration, which is the focus of the current 

study. 

 

2.4.1 Biological Aerated Filter 

 

A biological aerated filter (BAF) is a filter that has 2 to 3 metres of small-sized 

filter media in order to provide a high surface area to grow biomass. BAF is used to 

treat groundwater containing high concentrations of iron, manganese, and ammonia 

nitrogen at low temperatures. A study was conducted by Ma et al. (2010) on the high 

concentrations of heavy metals and the effects of contaminants in raw water, where 

the readings were 2.52 to 4.22 mg/l, 1.22 to 3.97 mg/l, and 1.24 to 3.92 mg/l. The 
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research results showed that the biological oxidation of iron and manganese had 

achieved a steady state, while the nitrification process was affected by hydraulic 

loading. In addition, iron, manganese, and ammonia nitrogen could be removed 

simultaneously under hydraulic loading when the iron inlet concentration is low (Ma 

et al., 2010).  

Moreover, in Piao et al. (2011)’s study, it was found that for groundwater that 

was treated with aeration, and contact oxidation filtration for the removal of iron and 

manganese pollutants, the removal rate of organic material and ammonia nitrogen from 

the polluted water was low. Concurrent biology was also practised to remove iron, 

manganese, and ammonia from contaminated groundwater. Based on previous studies, 

the use of biological aerated filters can influence the rate of simultaneous removal of 

manganese, iron, and ammonia nitrogen, in which the filter comprises two layers as 

reinforcement material in the laboratory (Tekerlekopoulou and Vayenas, 2007; Yulan 

et al., 2010).  

Nowadays, the biological treatment process is more commonly used than the 

chemical treatment process because it has no need for addition of extra chemicals, 

requires low-cost maintenance, and has a high filtration rate. Pilot-scale BAF consists 

of Plexiglas, with a 3-metre height and 185 cm external diameter, where the operations 

of the BAF column will run for several months. When the material turns black, this 

means that manganese oxidation has occurred. Raw water in the head tank flows across 

a flowmeter, and drops onto the biofilter layer through the perforated pipe at the top 

of the filter, and then flows directly to the bottom of the filter that is perforated by a 

pump. According to Ma et al. (2010), their study provided a 0.8 metre-thick layer of 

filter coating with a mixture, with a 3.2 to 5.0 mm diameter at the top, and a 1.6 to 3.2 

mm diameter at the bottom. This material combination provides advantages to 

effectively produce more dissolved oxygen at the top of the water. Figure 2.2 shows 
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the schematic drawing of the experiment setup of the BAF where: 1. Head tank 2. 

Water balance tank 3. Liquid flowmeter 4. Perforated water pipe 5. Filter column 6. 

Filter media of ceramic beads 7. Sampling point 8. Supporting layer 9. Effluent pipe 

10. Air pump 11. Air flowmeter 12. Perforated air pipe 13. Backwashing water pipe 

14. Valves 15. Overflow pipe. 

 

 

 

 

 

 

 

 

 

 

2.4.2 Chemical Reactions 

 

 In aerated water, the potential of redox water allows the oxidation of ferrous 

ferrite into ferrous iron. This condition results in precipitate, which then accumulates 

into hydroxide iron, Fe(OH)3. The conversion causes the removal of dissolved iron to 

be done naturally. This can be seen in the reaction equations below: 

4 Fe2+ 3 O2 --> 2 Fe2O3                     (2.1) 

Fe2O3 + 3 H2O --> 2Fe (OH)3                           (2.2)    

Figure 2.2: Schematic drawing of the experiment setup of BAF (Ma et al., 2010) 
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Iron reactions in water depend on the potential of pH and redox. Usually, groundwater 

has a low pH, between pH 5.5 to 6.5, and has a low oxygen content. 

The same goes for manganese in water, where its presence presents danger 

neither to human health nor the environment, but is unpleasant. 

Manganese will undergo oxidation, similar to iron, from Mn2+ to Mn4+, which 

precipitates to form manganese dioxide (MnO2). 

Mn2+
oxidation
→      Mn4+

precipitation
→         MnO2                      (2.3) 

 

2.5 Aeration 

 

Aeration is the process of increasing or maintaining the oxygen saturation of 

water in both natural and artificial environments. Aeration is important to provide 

enough dissolved oxygen (DO) for the aerobics of organisms in biochemical oxygen 

demand (BOD) removal and nitrification in activated sludge plants, and to retain 

contaminants in suspension biomass (Amand et al., 2013). To treat groundwater, 

aeration methods can also be used. It was found, through a study conducted in West 

Netherland, that the nutrient-rich groundwater can impose heavy phosphate loads on 

surface water systems. Iron oxidation will oxidise phosphate (PO4) quickly at neutral 

pH, and PO4 may also be bonded to calcium (Ca) precipitates at increased pH, so the 

estimated load based on conservative behaviour during exfiltration will be too large 

(Griffioen, 2006). According to Griffioen (2006), there are three models to describe 

the rapid binding of PO4 by iron oxide phase formed with oxygenation by diffusing 

Fe2+, each based on different concepts. These concepts are surface complexes, solid 

solutions, and two-mineral precipitation. This model is useful for calculating PO4 

surface water loads from underground exfiltration, taking into account the rapid flow 
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(<1 day) during exfiltration. In addition, experiments were performed by Daud et al. 

(2013) to eliminate the concentrations of iron and manganese in groundwater through 

two-way aeration methods (water to air, and air into water), followed by process 

filtering using manganese greensand. The characteristics of groundwater, such as pH, 

dissolved oxygen, turbidity, and concentration of heavy metals (iron and manganese) 

was evaluated when dissolved oxygen content showed an increase, and all iron and 

manganese removal reached the standard 0.3 mg/l and 0.1 mg/l. From the study, it 

could be concluded that the method of aeration of air-into-water gives a higher 

percentage of iron and manganese removal compared to water-to-air. 

According to Alp and Melching (2011), aeration is defined as using 

atmospheric air as an oxygen source to build oxygenation. This is an important process 

in water and wastewater treatment—transferring oxygen from the gas to liquid phase 

between the atmosphere and water (Moulick et al., 2010; Baylar et al., 2007a). 

Aeration brings water and air into close contact to remove dissolved gases (such as 

carbon dioxide), and oxidise dissolved metals such as iron, hydrogen sulphide, and 

volatile organic chemicals (VOCs). Therefore, supplemental aeration could be an 

effective approach to improve DO concentration (Baylar et al., 2007a; Alp and 

Melching, 2011; Abu Hasan et al., 2014). Aquatic life in rivers and streams need 

aeration for respiration and life continuity; hence, the survival of the aquatic life is 

dependent on the aeration system. According to Baylar et al. (2009), there are several 

hydraulic structures used in the aeration process, such as water jet aeration with 

circular nozzles, water jet aeration with venturi nozzles, pipe aeration with venturi 

tubes, high-head conduit aeration, weir aeration, and free-surface conduit aeration.  

Demars and Manson (2012) studied the accurate estimation of gas transfer in 

streams. This study referred to the Dobbins theory which theorises an interfacial film 

that is assumed to exist in the water. In this theory, these interfacial films are assumed 
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to exist in the composition of the liquid below the surface which will be replaced at 

random. Thus, according to the Dobbins theory, the gas velocity response to 

temperature variations, which affects the properties of water and molecular diffusion, 

is not important as the aggression rapidly renews the boundary layer of the focus on 

the air interface. However, other theoretical models differ widely in the response to 

temperature. 

According to Moulick et al. (2010), aeration is a critical process in water and 

wastewater treatment as it transfers the oxygen from gaseous to liquid form. Three 

methods that are commonly used for aeration are: gravity aeration, mechanical 

aeration, and water-diffused aeration (Moulick et al., 2010). A simple weir is utilised 

for gravity aeration, which involves an inclined corrugated sheet, or stepped cascade. 

Sniders and Laizans (2011) studied a wastewater aeration tank model with built-in 

equipment for uniform distribution of atmospheric air. The data was analysed using 

the Mathematical Modelling for wastewater aeration, and Simulink Modelling for 

oxygen concentration transient processes. Mathematical Modelling is analysed based 

on linear stationary models of wastewater aeration, and block diagram for comparative 

research of stationary and non-stationary models, while the oxygen concentration 

transient process consists of the development of adaptive self-turning virtual models 

(Sniders and Laizans, 2011). The block diagram showing the dissolved oxygen in 

stationary and non-stationary models is in Figure 2.3.  
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