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1 Introduction 

Chapter 1
Introduction, Objectives and Outline

 

1.1 Background 

The access to improved sanitation in Latin America is rapidly growing. More than 
180 million people have been incorporated within this group the last decade, 
however, more than hundred million people still lack minimum sanitation 
facilities, especially in rural areas (World Health Organization, 2012). In spite of 
the good trends and recent overall indicators, the lack of drinking water and 
sanitation facilities is still the second-largest cause of mortality for children under 
the age of 5 in the region. Ecuador is among the top 5 countries in the region 
providing basic sanitation; nevertheless, as compared to the majority of countries 
in the developed world, wastewater treatment is still scarce.  

More than 90% of the domestic discharges in Ecuador do not receive any 
treatment before discharging into rivers and the ocean. The city of Cuenca, the 
third largest city of the country with 450 000 inhabitants contributes with more 
than half of the total wastewater treatment of the country. Quito and Guayaquil, 
the biggest cities in Ecuador holding almost the half of population of the country 
are yet to build wastewater treatment facilities at large scale. In this perspective, 
Ecuador still demands vast investments in public sanitation infrastructure as well 
as in research and development projects in this field. 

The selection of the wastewater treatment technology for a specific effluent 
depends on many factors, however, the technology that meets the effluent 
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guidelines at the lowest investment, operational and maintenance cost can be 
regarded the most appropriate for any case study. Wastewater treatment by means 
of stabilization ponds appears as a very convenient solution in this regard.  

The waste stabilization pond (WSP) technology consists of a series of ponds in 
which the wastewater is treated by means of natural processes using the solar 
radiation as the main energy source. The high removal efficiency and minimal 
operation and maintenance works required by WSPs make this technology 
attractive in tropical developing countries. Nevertheless, there is still room to 
improve the efficiency of these systems in terms of effluent quality and energy 
requirements.  

Mathematical models have proven to be useful tools for design, analysis, operation 
and control of wastewater treatment systems in the last decades. Nowadays, 
models have become essential tools for testing operational scenarios in wastewater 
systems aiming to improve the removal efficiency at the lowest operational cost 
and even accounting for greenhouse gas emissions. In WSP systems, the use of 
mathematical models shows increasing popularity for the design of new systems 
and for improving the understanding of the complex biokinetic processes 
occurring inside. However, the use of mathematical models in WSPs is still not a 
common practice for improving the system efficiency. The complex bioprocesses 
and hydrodynamics of the WSPs make these systems very difficult to translate 
into accurate mathematical models. This is the major bottleneck for models not 
being used more frequently for optimising design and operation of these systems. 

Proper modelling of the hydraulic behaviour of WSPs is nowadays feasible using 
Computational Fluid Dynamics (CFD) models. However, the computational 
load of these models is very high, especially for full-scale systems that are large in 
nature. The incorporation of biokinetic models into the CFD codes, which is now 
pursued in modelling of activated sludge systems, is even more demanding and 
would be too slow to reach useful results for improved operation in a reasonable 
time frame. At the same time, there is also still room for improving the 
understanding of the biokinetic processes and the hydrodynamics of these simple 
operational systems with complex physical biochemical behaviour. The poor 
modelling of hydrodynamics in simple models (by using tanks-in-series) is one of 
the bottlenecks for this. 
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1.2 Objectives 

The modelling process of WSP systems implies the knowledge of two different 
aspects: the hydrodynamics of the pond system and the biokinetics of the 
processes.  

The hydrodynamics of full-scale pond hydraulics is particularly complex since short 
circuits, recirculation flows, backmixing and stagnant zones are likely to be 
present. In the case of aerated ponds with an external momentum source the 
complexity is even higher. To account for all these factors by a single number 
(dispersion number) or by a simple hydraulic representation e.g. tanks-in-series 
model, is not feasible in full scale systems. The CFD models are in this context 
the mathematical tool capable to properly describe the complexity of WSP’s 
hydrodynamics, however, at the cost of a high computational load. 

In this research, the Ucubamba WSP system located in Cuenca, Ecuador is 
studied. This system comprises 3 different pond stages: aerated, facultative and 
maturation ponds. Each of them implies different challenges e.g. external 
aeration, sludge deposition, severe short circuiting, etc. Therefore, considering the 
hydrodynamic aspects of the ponds, the following objectives are defined: 

 To develop CFD models for all the pond stages at the Ucubamba WSP. 
 To validate the CFD models with experimental data collected in the full 

scale system. 
 To investigate and validate CFD modelling approaches for external aerators 

in aerated ponds.  
 To assess the influence of sludge deposition over the hydraulic residence 

time (HRT) in facultative ponds by CFD modelling.  
 To develop a methodology for creating compartmental models based on 

CFD results for a simple but accurate representation of the hydrodynamics 
of pond systems. This allows coupling with biokinetic models at reasonable 
computational cost. 

The biokinetics of WSPs imply the interaction of different microbial groups: 
aerobic, anaerobic, anoxic, algae, fungi, protozoa, virus, micro-invertebrates, etc. 
all occurring in the same pond environment. There are different attempts in 
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literature for modelling WSPs, but a proper integrated hydraulic – biokinetic 
model in full scale systems has not been reported yet. For this section, the 
following objectives are defined in particular:  

 To investigate and review the biokinetic models available for WSPs in the 
literature. 

 To incorporate a complete biokinetic model into a developed 
compartmental model and to analyse the outputs against other hydraulic 
approaches using experimental data collected from the Ucubamba WSP. 
 

Many of the objectives deal with modelling aspects of WSPs that have not 
received a lot of attention in the literature. Some chapters should therefore be 
regarded as exploratory work that can serve as foundation for future more specific 
and in-depth research on certain aspects. 

1.3 Thesis Outline 

The outline of this thesis is presented in Figure 1.1 which contains a graphic 
description of the links between the different chapters and work packages that 
have been executed during this research. The outline shows the main two phases 
in the modelling of WSPs: the hydrodynamics and the biokinetic models and the 
activities performed in each pond of the system. 

In chapter 2 a literature review on WSPs is presented. This review covers a 
detailed description of the biokinetic processes occurring in WSPs as well as the 
different approaches used for modelling biokinetics and hydrodynamics in these 
systems. 

Chapter 3 describes the details of the CFD modelling executed in the first stage 
of the system, the aerated ponds. An assessment of different aeration scenarios is 
done in terms of hydraulic profiles versus the aeration energy used. 

In chapter 4 the analysis of the sludge deposits in the facultative ponds is 
presented. The sludge accumulation rates assessed from bathymetric 
measurements are shown. Different CFD models that account for the volume loss 
due to the sludge accumulated are developed and analysed. 
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Chapter 5 describes the methodology for the development of a compartmental 
model based on a validated CFD model using a tracer study. The method is 
illustrated for the maturation pond of the system and compared with a simple 
hydraulic model (tanks-in-series). 

Chapter 6 shows the coupled hydrodynamic-biokinetic model of the maturation 
pond of the system following the compartmental model developed in previous 
chapter. The model is tested with experimental data from the system. 

The main conclusions of the present research and the perspectives for future 
research in this specific field is finally provided in chapter 7. 

 

Figure 1.1: Outline of the thesis chapters and work packages 
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2 Literature Review 

Chapter 2
Literature Review

 

2.1 Introduction 

2.1.1 Wastewater Treatment 

Wastewater engineering in the past decades was oriented to prevent the discharge 
of untreated wastewater to cause major damages to human health and 
environment (Mara, 2004b). These concepts, however still very appropriate, are 
being enhanced nowadays by the potential of wastewater as a resource in food and 
energy chains. The population growth and climate change impacts are expected to 
stretch water supply in almost every site of the world in the coming decades. The 
need to feed the new billions of people arriving in the coming decades must be 
undoubtedly in the list of priorities for wastewater engineering in the near future. 
Several of the Millennium Development Goals from United Nations are directly 
related to the improvement of wastewater facilities around the world. 

2.1.2 Why waste stabilization ponds? 

The wastewater treatment technology available is vast and is growing rapidly in 
terms of effluent quality and energy consumption. However, after more than two 
decades, the statement of Arar (1988) is still very suitable nowadays “The most 
appropriate wastewater treatment is that which will produce an effluent meeting 
the recommended microbiological and chemical quality guidelines both at low 



Literature Review 

8 
 

cost and with minimal operational and maintenance requirements”. In this 
context, the waste stabilization ponds (WSP) technology still represents one of the 
best alternatives for a good effluent quality, being one of the most important 
natural methods for wastewater treatment in the world (Peña and Mara, 2004). 

In general terms, WSP are a series of large, shallow basins treating raw wastewater 
through natural processes involving mainly bacteria and algae. Pond treatment is 
one of the most common treatment techniques for wastewater in the world. WSPs 
are used to treat a variety of wastewater, ranging from domestic to industrial. 
They function under a wide range of weather conditions and can be used for 
small rural communities as well as for large populations. 

The most important advantage of this type of treatment is the simplicity in 
construction and operation. A minimum of supervision is required for daily 
operation, by cleaning the inlet and outlet works. In addition, the system has a 
high reliability, because it depends on natural processes and there is no need for 
equipment that can fail (Von Sperling, 2007). The use of WSPs is one of the 
most cost-effective methods for treating domestic and industrial waste water, 
because sunlight is the only energy requirement for its operation (unless aeration 
is applied). In conventional aerobic wastewater treatment, aeration accounts for 
approximately 50% of the energy consumption (Tchobanoglous et al., 2003). 
Moreover, WSPs improve energy efficiency through the use of algae for oxygen 
production. However, when anaerobic ponds are not possible to include in the 
system due to environmental issues, mechanically aerated ponds are used. These 
systems typically reach BOD (Biological Oxygen Demand) removal efficiencies of 
about 70 to 80% for unfiltered samples and up to 90% for filtered ones. 
Treatment through the use of WSPs also provides a high removal of pathogens in 
contrast to other treatment methods (Kayombo et al., 2004), e.g. up to 100% of 
helminth eggs are removed. However, the effluent of WSPs can have high levels 
of BOD and suspended solids (SS), mostly due to the presence of algae in the 
effluent. Algae produce more oxygen than they need for respiration and as a result 
algal BOD and SS are different from non-algal BOD and SS (Mara, 2004a). 
Because no mechanical aeration is used and the system only relies on slower 
natural processes, a higher hydraulic retention time is required. Pond treatment 
technology highly depends on photosynthesis, which requires a large exposure 
area to solar energy and, hence, implies high land requirements in comparison to 
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conventional treatment systems using complex electromechanical equipment such 
as used in activated sludge treatment. Despite this obligatory requirement, the 
investment in vast land stretches that increase in value with time, is clearly 
advantageous compared to the money spent on electricity for the operation of 
electromechanical systems, which can never be recovered (Peña and Mara, 2004; 
Mara, 2009).  

WSP treatment highly depends on climate, since biological processes are largely 
affected by temperature (Von Sperling, 2007). All the above mentioned implies 
that this type of treatment is more suitable in cases where land is inexpensive, 
climate is favourable, a low energy cost is wanted and no special training of the 
operators is desired (Arceivala, 1981).  Therefore, WSPs are very appropriate for 
low-income tropical countries. However, there are thousands of WSPs in Europe 
as well and one third of the treatment plants in the USA are WSPs.  

2.1.3 The conventional pond system 

There is not a single standard pond system for wastewater treatment. There are 
several types of ponds that are classified according to the hydraulic flows, the 
dominant biochemical processes, the nutrient and pathogen removal, etc. The 
combined use of different ponds results in “systems” with different requirements 
of land, operational labour and energy. The term Waste Stabilization Ponds 
(WSP) covers several variants of wastewater treatment pond technology. The most 
known and broadly used is the system composed of sequential anaerobic, 
facultative and maturation ponds. However, there are other important variants in 
the pond treatment technology as the high rate algal ponds and the aerated ponds 
also called aerated lagoons.  

In order to establish a common terminology in the present study, a ‘conventional’ 
“waste stabilization pond system” will be referred to as the combination of 
sequential anaerobic, facultative and maturation ponds; and more so if the 
anaerobic pond has been substituted by an aerated pond (Figure 2.1). 
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Figure 2.1:  Schematic view of a conventional waste stabilization pond system. 

2.1.4 Overview of main existing ponds  

2.1.4.1 Anaerobic Ponds 

Anaerobic ponds are the smallest and usually the first unit in a conventional WSP 
system series. Their primary function is to remove the BOD, so they are designed 
to receive a high BOD loading rate which produces a strict anaerobic 
environment throughout the pond volume. The depth of anaerobic ponds is in 
the range 2 to 5 m. Anaerobic ponds perform specially well in warm climates, the 
higher the temperature the better the performance, which can reach up to 70% of 
BOD removal with temperatures above 25°C (Peña and Mara, 2004). Anaerobic 
ponds are very appropriate when preceding facultative or maturation ponds for 
precipitation and degradation of toxic compounds to algal biomass. Due to the 
bottom sludge accumulation, anaerobic ponds require sludge removal (usually 
every few years). The biogas produced by the anaerobic fermentation is around 
70% methane and 30% CO2 (Mara, 2004b).  

The presence of odour nuisance from anaerobic ponds, typically due to hydrogen 
sulphide, has always been a concern for design engineers. However, odour is not a 
problem per se in anaerobic ponds if they are properly designed and the sulphate 
concentration in the raw wastewater is less than 500 mg SO4

2- per litre (Peña and 
Mara, 2004). 
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2.1.4.2 Aerated Ponds 

Aerated ponds are a variant of the treatment pond technology for primary or 
secondary treatment of wastewaters. Aerated ponds are especially popular for the 
treatment of industrial wastewaters, particularly in the pulp and paper industry. 
However, aerated ponds are also an option for municipal wastewaters being an 
alternative to anaerobic ponds for removing soluble and particulate BOD. 
According to the energy supplied in the mechanical aeration, aerated ponds are 
classified in complete-mix and partial-mix lagoons. In the partial-mix lagoons the 
aerators are specifically designed to provide only the oxygenation but not to 
maintain the biomass and influent solids in suspension. Hence, a bottom sludge 
layer is formed which is decomposed by anaerobic processes (Von Sperling, 
2007). Based on this fact, partial-mix lagoons are also known as aerated facultative 
lagoons.  

2.1.4.3 Facultative Ponds 

Facultative ponds are the most common in pond treatment. The term facultative 
refers to the fact that these ponds consist of 3 zones: aerobic zone, anaerobic zone 
and facultative zone. The bottom layers of such ponds are anaerobic with similar 
characteristics to those in anaerobic ponds.  The upper layer is oxygenated due to 
the presence of a high concentration of algae, which produce oxygen through 
photosynthesis. The latter depends on the availability of solar energy. However, at 
increasing depth, light penetration decreases, causing oxygen consumption to be 
larger than the oxygen production, with an occasional absence in oxygen from a 
certain depth. Furthermore, photosynthesis does not take place during the night 
and the absence of oxygen can prevail. The zone where the presence or absence of 
oxygen can occur is called the facultative zone. In this zone bacteria prevail that 
can survive both in the presence and absence of oxygen. In the latter case, they use 
nitrate as electron acceptor (Von Sperling, 2007).  

2.1.4.4 Maturation Ponds 

Maturation ponds usually follow treatment in the facultative pond and serve as a 
tertiary treatment. Because these ponds receive a low organic loading they are 
usually well oxygenated. Their primary function is to remove pathogens and they 
can also achieve a significant amount of nutrient removal (Shilton and Walmsley, 
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2005). The high concentration of algae in maturation ponds produces under 
maximum photosynthetic activity high peak consumption of the carbonaceous 
substrate which causes a rise in the pH causing toxic conditions for pathogens. 
Besides the high pH, the high dissolved oxygen, UV radiation, predation, 
starvation, etc., are among other various factors which interact for the highly 
efficient pathogen removal in maturation ponds (Von Sperling, 2005).  

2.2 Microbiological processes in waste stabilization ponds 

2.2.1 Anaerobic processes 

The particulate BOD that enters the system settles to the bottom of the pond and 
forms an anaerobic sludge layer. In this layer, the organic material undergoes 
anaerobic digestion by anaerobic microorganisms. Hence, the organic carbon is 
converted into methane, carbon dioxide and sludge mass (Picot et al., 1992). The 
inert fraction of the particulate BOD remains in the sludge layer and accumulates. 
The released gases also enhance the mixing in the system and increase the contact 
between the wastewater and the microbial community. In anaerobic 
circumstances, H2S can be produced by sulphate reducing bacteria (SRBs), 
leading to odour production. However, in healthy ponds, H2S is oxidized in the 
aerobic layer avoiding odour problems. SRBs compete with methanogens for the 
available organic carbon. The latter show a pH optimum between 7 and 8, 
whereas SRBs proliferate in acidic or alkaline conditions (Pearson, 2005). Several 
mechanisms for Nitrogen removal exist in waste stabilization ponds (Craggs, 
2005) among them, sedimentation into wastewater solids, assimilation into algal-
bacterial biomass, ammonia volatilisation, nitrification-denitrification, anaerobic 
ammonium oxidation (ANNAMOX). However, these processes are likely to be 
intermittent due to the high variation in dissolved oxygen (DO), pH and 
temperature. The main anaerobic processes occurring in anaerobic ponds and in 
the anaerobic zone of facultative ponds are illustrated in Figure 2.2.  

2.2.2 Aerobic processes 

Soluble BOD and small suspended organic matter remain in the upper layers of 
the pond. The organic material is removed through the mutual relationship 
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between aerobic heterotrophic bacteria and phototrophic microalgae. The bacteria 
oxidize the organic material by aerobic respiration and the algae supply oxygen to 
the water through photosynthesis. This mutualistic relationship is shown in 
Figure 2.2. The aeration of the ponds highly depends on the photosynthetic 
activity of the algae. At least 80% of the oxygen available in the water is produced 
by algae. The rate at which photosynthesis occurs, depends on light availability. 
Therefore, locations with high solar radiation are appealing for waste water 
treatment through WSPs. The organic load on the system also determines 
photosynthetic activity as high loads limit the penetration depth of the incident 
solar radiation. Because of a lower organic loading on maturation ponds, the 
photosynthetic activity will be larger compared to facultative ponds and algae will 
still be present at larger depths (Von Sperling, 2007). Algal uptake and 
nitrification–denitrification are the two main mechanisms dominating nitrogen 
removal in algal ponds (Camargo Valero et al., 2010). These processes are 
schematically shown in Figure 2.2. 

 

Figure 2.2: Representation of the main microbiological processes that take place in waste 
stabilization ponds. Adapted from Von Sperling (2007) and Craggs (2005). 
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2.2.2.1 Algal diversity 

In the aerobic zone, photosynthesis is carried out by a wide variety of microalgae 
and cyanobacteria. Their concentration is usually lower than 200 mg.l-1 (dry 
weight) and their numbers can reach between 104 

to 106 
organisms per ml 

(Arceivala, 1981). The daily production of algae is in a range of 10 to 66 g m-2 

(Bitton, 2005). Chlorophyll “a” concentrations in facultative ponds typically 
range from 500 to 2000 μg.l-1 (Curtis et al., 1992). An overview of the most 
important algal genera in waste stabilization ponds is given in Table 2.1. 

The main genera of algae present in WSPs are green algae (Chlorophyta) and 
pigmented algae (Euglenophyta). These algae are responsible for the green colour 
of the pond. The most important genera of these groups are Chlorella, 
Chlamydomonas and Euglena, of which the latter two possess flagella. A second 
group of algae present in the system are Cyanophyta, which possess characteristics 
of both, bacteria and algae and are actually classified as bacteria. These organisms 
do not have locomotive organelles but are able to move through the system by 
sliding. Cyanobacteria typically proliferate in conditions of low pH and low 
nutrient availability, which is an unfavourable environment for the growth of 
Chlorophyta. The most important Cyanobacteria present in WSPs are Oscillatoria, 
Phormidium, Anacystis and Anabaena. Other genera of algae that can be found in 
WSPs are Bacillariophyta and Chrysophyta (Pearson et al., 1981; Von Sperling, 
2007). 

The dominant algal species and genera in a pond appear to depend on the surface 
organic loading of the pond. In most cases, as the organic loading on the system 
increases, the diversity of the algal community decreases. Studies on WSPs in 
north-eastern Brazil show that ponds with an organic loading of more than 30 kg 
BOD.ha-1.d-1, tend to promote species of flagellated genera (e.g. Euglena, 
Pyrobotrys and Chlamydomonas) in the algal flora. At lower loading, Chlorella and 
Scenedesmus are found to be more abundant and the algal community becomes 
more diverse (Pearson et al., 1981). This is because at increased turbidity 
conditions non-flagellated organisms with their relatively inefficient buoyancy 
mechanisms cannot compete with the motility of flagellated species. Hence, 
flagellated species are able to adjust their position in the water column in response 
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to changing incident light conditions and mixing of the photic zone as opposed to 
non-flagellated species.  

Table 2.1: Key algal and bacteria genera present in Facultative and Maturation ponds 
(Pearson, 2005)  

Algal genus Facultative ponds Maturation ponds 

Euglenophyta 
Euglena X X 
Phacus X X 

Chlorophyta 
Chlamydomonas X X
Chlorogonium X X

Eudorina X X
Pandorina X X 
Pyrobotrys X X 

Ankistrodesmus / X 
Chlorella X X 

Micractinium / X
Scenedesmus / X
Selenastrum / X

Carteria X X
Coelastrum / X

Dictosphaerium / X
Oocystis / X

Rhodomonas / X
Volvox X /

Chrysophyta 
Navicula X X
Cyclotella / X

Cyanobacteria 
Oscillatoria X X
Arthrospira X X
Spirulina / X

Pearson et al. (1987) found that if non-motile species were able to maintain their 
position at a favourable level they would out-compete the motile species. Athayde 
et al. (2001) concluded, based on algal cell counting in WSPs that 
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Chlamydomonas is the algal genera that is the most pollution tolerant, whereas 
Scenedesmus survives under low BOD loading. These characteristics make 
Chlamydomonas and Scenedesmus the best indicators for the impact of changes in 
organic loading (Pearson, 2005).  

2.2.2.2 Influence of environmental conditions 

Solar radiation causes the upper layers of the WSP to warm up. Thermal 
stratification occurs as a consequence of the difference in density of the warmer 
and lighter upper layers and the colder and denser deeper layers in the pond. The 
point in the pond where a large decrease in temperature and a large increase in 
density and viscosity occurs is called the thermocline. This can lead to the 
occurrence of hydraulic short circuits, stagnant zones and disrupts the internal 
diffusive and advective mass transfer mechanism, which results in a reduction of 
the active volume of the pond (Kellner and Pires, 2002). Thermal stratification 
causes a heterogeneous vertical distribution of BOD, algae and oxygen, because 
vertical mixing is compromised (Chu and Soong, 1997).  

The depth profile of algal photosynthesis and thus dissolved oxygen (DO) 
concentration also varies with pond type and organic loading. In the upper layer 
of the pond the oxygen concentration can reach super saturation levels during the 
hours of maximum photosynthesis. In maturation ponds with lower organic 
loading the light penetration and thus photosynthesis can extend down to 60 cm 
causing the water column to be aerobic during the day  (Pearson, 2005). In the 
facultative pond the turbidity is higher causing motile algae present in the pond to 
be located in a 10 to 15 cm layer that moves up and down the system in response 
to light intensity (Tadesse et al., 2004).  This dense layer hinders the penetration 
of solar radiation to the deeper layers of the pond. Non-motile algae settle to the 
dark zone of the pond where they cease to produce oxygen. DO is only 
measurable in the upper layers of the pond with the entire water column turning 
anoxic during the night (Pearson, 2005). Therefore, mixing in WSPs is important 
for the proper operation of the system and is mainly influenced by the ambient 
temperature and wind speed. Mixing improves transport to the photic zone of 
non-motile algae and transport of oxygen produced by photosynthesis in the 
photic zone to the deeper layers of the pond. To maximize the influence of wind 
the pond should not be surrounded by obstacles which obstruct wind access and 



Chapter 2 

17 
 

the pond should have a regular shape to avoid that peripheral areas would not 
contribute to the mixing process (Von Sperling, 2007). Thermal inversion which 
can be a daily or a seasonal process can also disrupt thermal stratification (Torres 
et al., 1997). The latter takes place when the surface layer above the thermocline 
loses heat more quickly than the bottom layer. When the temperature of both 
layers becomes similar, mixing occurs. 

2.2.3 Algal bioprocesses in waste stabilization ponds 

The waste stabilization pond is among the simplest wastewater treatment 
technologies for operation. However, there is a large deal of complexity in the 
biochemical processes occurring inside the ponds. The proper modelling of the 
anaerobic, aerobic and algal biochemical processes and their interaction still 
represents a challenge and, therefore, there are multiple approaches available in 
the literature.  The present section presents a review of the state-of-the-art of the 
bioprocesses models related to algae for waste stabilization ponds.  

2.2.3.1 Algal growth 

The theoretical maximum growth rate should be equal to the maximum rate of 
photosynthesis.  However, in reality the productivity of algae is often limited by 
nutrient concentrations, light intensity, pH and temperature. These factors can be 
influenced by cell density, mixing and gas exchange (Masojídek et al., 2004). The 
specific growth rate (μ) of any microorganism (X) is generally modelled by 
multiplying the maximum growth rate (μmax) with some limiting factors (fi) 
(Kayombo et al., 2000):  

μ μ ∙ X ∙  (2-1)

Most models for the photosynthesis of algae only take into account the light 
availability, although nutrient and substrate availability of which CO2 is the most 
important substrate should also be taken into account (Popova and Boyadjiev, 
2008). 
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River Water Quality Model N-1 (RWQM1) (Reichert et al., 2001) presents a 
comprehensive approach for algae process modelling. In this model, algal growth 
is defined as function of nutrient availability, light, and temperature. These effects 
are considered to be multiplicative as stated in equation (2-1). Based on this 
model, several authors have adopted and/or modified the RWQM1 approach for 
algal growth (Alex et al., 2010; Gehring et al., 2010; Sah et al., 2011; 
Broekhuizen et al., 2012). Considering that algal growth is produced with 
ammonia (preferred) and nitrate, the algal growth is then expressed as (Sah et al., 
2011): 

G μ ∙ L ∙ T ∙
S

K S
∙ X (2-2)

G μ ∙ L ∙ T ∙
S

K S
∙

K
K S

∙ X 	 (2-3)

where f(L) and f(T) are the light and temperature limitation factors [-], GA-NH and 
GA-NO are the algal growth on ammonia and nitrate respectively [g.m-3.d-1], ALG is 
the maximum algal growth rate [d-1], SNH and SNO are the ammonia and nitrate 
concentration respectively [gN.m-3], KNHALG and KNOALG are the half 
saturation/inhibition coefficients of SNH and SNO respectively [gN.m-3] and XALG is 
the algae concentration [gCOD.m-3]. 

Beran and Kargi (2005) added a pH effect factor “f(pH)”on algal growth using a  
Monod type equation: 

pH
K

K 10 1
(2-4)

where KpH is the half velocity constant [-] and OptpH is the optimum pH for the 
algal culture [-].  

Alex et al. (2010) included in the algal growth equations (2-2) and (2-3) a Monod 
type term for CO2 availability defined as: 
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f CO
S

K S
(2-5)

Where SCO2 is the molar concentration of CO2 [mol.m-3] and KCO2 is the half 
saturation coefficient of CO2 for algal growth [mol.m-3].  

The availability of light is often described by a Monod equation (Kayombo et al., 
2000; Lee and Shen, 2004; Bordel et al., 2009; Sah et al., 2011) but this does not 
take into account light inhibition:  

I
KI I

(2-6)

where I is the field light intensity [E.m-2.s-1] and KI is the light saturation 
constant [E.m-2.s-1], which equals the photon flux density (PFD) required to 
achieve half of the maximum specific growth rate. Green algae have a lower 
affinity to white light compared to other groups of microalgae. This implies that 
KI values decrease in the order of chlorophytes > diatoms > dinoflagellates 
(Vonshak and Torzillo, 2004). 

Light limitation of algal growth is given by an inhibition type of response at low 
light intensities and by saturation kinetics at high light intensities. In other 
models which describe more accurately this behaviour, light limitation has been 
modelled by the Steele relationship (Reichert et al., 2001; Wolf et al., 2007; 
Vazquez-Burney et al., 2009; Alex et al., 2010; Gehring et al., 2010):  

1
K

(2-7)

where KI is a light inhibition constant [μE.m-2.s-1]. This equation is often 
combined with the exponential relationship of Beer-Lambert to express light 
attenuation over a certain distance, due to light extinction in the water or due to 
mutual shading, which is expressed by:  
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I I (2-8)

where, I0 is the light intensity at the water surface [μE.m-2 
.s-1], h [m] represents 

depth or a certain distance from the water surface and [m-1] is the light 
attenuation factor.  

The integration over depth “h”[m] of equations (2-7) and (2-8) gives the 
following relation which provides the average light limitation for algal growth 
included in equations (2-2) and (2-3):   

L
λ h

	
(2-9)

Dochain et al. (2003) modelled light dependence and photoinhibition by an 
insulation term  which is expressed by:  

ϕ 1
̅

.
̅

(2-10)

I̅
I

λh 1
  (2-11)

where a and b are the Platt’s coefficients and Ī is the mean value for the light 
intensity corrected for light attenuation similarly as in the Beer-Lambert 
relationship.  

The effective modelling of shallow water ecosystems is strongly dependent on the 
availability of good estimates of the light attenuation factor  (Heaven et al., 
2005). Several studies have been conducted in order to analyse and predict this 
parameter (Curtis et al., 1994; Fernandez et al., 1997; Yun and Park, 2001; 
Heaven et al., 2005). These studies concluded that  is linear with respect to 
biomass concentration only for a determined range at low concentrations. 
Moreover, there are other parameters influencing the value of this factor. The 
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latter was addressed by Alex et al. (2010) by means of a linear approach for  
which includes the impact of different substances such as heterotrophic biomass, 
particulate inert matter, etc.: 

λ λ λ X λ X λ X (2-12)

where 0 is the extinction coefficient for water and colour (=0.2 [m-1]); I the 
extinction coefficient for mineral matter (= 0.03 [m-1. g-1.m3 ]); O the extinction 
coefficient for organic matter (= 0.03 [m-1. g-1.m3 ]); p the extinction coefficient 
for algal biomass (= 0.088 [m-1.gCOD-1.m3 ]); XMI, XO and XALG are the respective 
biomass concentrations [g.m-3 ]. 

In the RWQM1 by Reichert et al. (2001) the effect of temperature on the growth 
rate of algae is modelled by the following Arrhenius type equation. The decay rate 
and the respiration rate are influenced by the same factor.  

T (2-13)

In this relationship T0 represents a reference temperature equal to 20°C. In the 
model described by Alex et al. (2010) ALG equals a value of -0.046.  

Some algae species in a WSP are, besides photosynthetic growth, also capable of 
chemo-organotrophic growth, which is growth on organic substances in absence 
of light (heterotrophic growth) and photorganotrophic growth, which is growth 
on organic substrates in the presence of light (mixotrophic growth). Table 2.2 
gives an overview of the maximum specific growth rates of some commercially 
important microalgae cultured photosynthetically, heterotrophically and 
mixotrophically (Lee, 2001). In WSPs the most important species present, being 
Chlorella, Euglena, Chlamydomonas and Scenedesmus are able to grow chemo-
organotrophic or photo-organotrophic. Chlamydomonas, Chlorella and Euglena 
were all able to grow in the dark on acetate; Euglena was even able to utilize 
butyrate. Photoorganotrophy is of particular importance in facultative ponds 
where light penetration is limited. In this case the light intensity can easily drop 
below the photosynthetic compensation point. All the species above grow faster in 
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the presence of light and acetate opposed to when they grow photosynthetically  
(Pearson, 2005). 

Table 2.2: Specific growth rates of some algae species cultured photosynthetically, 
heterotrophically and mixotrophically 

Species 
Maximum specific growth rate [h-1] 

Reference photo 
synthetic 

heterotrophic mixotrophic

Chlorella 
pyrenoidosa 

0.082 
0.038 

(glucose) 
- (Droop, 1974) 

Chlorella 
vulgaris 

0.110 
0.098 

(glucose) 
0.198 

(glucose) 
(Ogawa and Aiba, 

1981) 

0.081 
0.050 

(glucose) 
0.131 

(glucose) 
(Martinez and Orus, 

1991) 

Haematococcus  - 
0.017 

(acetate) 
0.034 

(acetate) 
(Droop, 1955) 

Pluvialis 0.013 
0.009 

(acetate) 
0.024 

(acetate) 
(Kobayashi et al., 

1992) 

Scenedesmus 
acutus 

0.061 
0.040 

(glucose) 
0.048 

(glucose) 
(Ogawa and Aiba, 

1981) 

Spirulina 
platensis 

0.028 
0.008 

(glucose) 
0.026 

(glucose) 

(Marquez et al., 1995; 
Chen and Johns, 

1996) 

Specific growth rates can also be estimated through the following equation 
(Martinez and Orus, 1991; Binaghi et al., 2003): 

μ
x x
t t

(2-14)



Chapter 2 

23 
 

where x1 and x2 are the cell dry weight of the algae at the beginning and the end of 
the logarithmic phase of the growth.  

2.2.3.2 Growth yield and maintenance energy requirement 

Growth yield (Y) expresses the conversion efficiency of substrate to biomass and is 
defined as the amount of biomass (X) produced through the consumption of 
substrate (S) (Lee and Shen, 2004). Substrate consumption can therefore be 
expressed as the biomass production divided by the growth yield. 

Y
X
S
																

S
t

μ X
Y

S
S K

(2-15) and (2-16) 

where KS is the saturation coefficient of substrate [kg m-3] and, max is the 
maximum growth rate of X biomass [day-1]. 

The part of the substrate which is not converted into biomass is converted into 
oxygen with the production of Adenosine Triphosphate (ATP) and nicotinamide 
adenine dinucleotide phosphate-oxidase (NADPH) as a result. These energy 
carriers are subsequently used in the Calvin cycle where the carbon source is 
converted into glucose which will then be converted into biomass. The yield at 
which oxygen is produced from the carbon source can thus be obtained from the 
growth yield as:  

α Y
Y

S

S
(2-17)

where  depends on the carbon source used and equals the total moles of oxygen 
and algal biomass obtained from one mole of substrate.  

2.2.3.3 Oxygen production, respiration and photorespiration 

When light is present, microalgae convert inorganic carbon and water into oxygen 
and organic matter through photosynthesis. Light energy is converted into 
chemical energy, dissolved oxygen is a by-product. During this process nitrogen 
and phosphorus are incorporated in the biomass formed (Vazquez-Burney et al., 
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2009). Photosynthesis and respiration can occur simultaneously in algae in the 
presence of light. However, the respiration rate is significantly lower compared to 
the photosynthesis rate, which results in a net consumption of carbon dioxide and 
production of oxygen. The equations (2-18) and (2-19) show two possible 
stoichiometric reactions for photosynthesis and respiration of microalgae 
respectively (Stumm and Morgan, 1996). From equation (2-18) it is clear that 
photosynthesis will lower the alkalinity and increase the pH of the water, because 
alkalinity is defined as the sum of the amount of bicarbonate, carbonate and 
hydroxide minus the amount of protons. To avoid confusions, algae respiration is 
also called dark respiration to stress that this process is light independent. 

106CO 122H O 16NO 18H HPO

↔ 									C H O N P 138O 	 (2-18) 

106HCO 16H O 16NO 124H HPO

↔ 										C H O N P 138O   (2-19) 

In a WSP, 80% of the dissolved oxygen present in the system is produced through 
photosynthetic activity. In the facultative pond the areal oxygen production can 
be about 1.7 g of O2.m-2.h-1 

and in the maturation pond 1.2 g of O2.m-2.h-1 
(Pearson, 2005). Therefore, modelling of the oxygen production of algae provides 
important information on the performance of the system. 40-45% of the dry 
weight of algae is composed of carbon, which means that 1.65-1.83 g of CO2 is 
needed for the biosynthesis of 1 g of dried algal biomass. Doucha and Livansky 
(2006) found that 1.115 g of CO2 was consumed by algae per gram of oxygen 
produced.  

In natural pond systems, the energy source is only periodically available because of 
the light-dark cycle and the fluctuating size of the euphotic zone (Kromkamp, 
1987). To deal with this variation, the photoautotrophic organisms have 
developed mechanisms for carbon and energy storage. When light is absent, 
organic matter and oxygen are consumed by the algae whereas, carbon dioxide 
and new biomass are produced. Dark respiration is included in the model of 
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Dochain et al., (2003) and also in the PHOBIA model (Wolf et al., 2007). The 
latter assumes that the organic matter utilized comes from the intracellular 
polyglucose built up during the light-driven processes. Algae respiration in the 
absence of light is typically assumed to be about 10% of the maximum oxygen 
production rate in presence of light (Wolf et al., 2007). 

On the other hand, Photorespiration is the process in which oxygen is added to 
ribulose-1,5-bisphosphate instead of carbon dioxide. Normally this process leads 
to the production of glucose, but when oxygen is added, organic carbon is 
converted to CO2, reducing the efficiency of photosynthesis. A high O2 to CO2 
ratio stimulates this process.  

2.2.3.4 The Aqueous Carbonate System 

Dissolved carbon dioxide is in equilibrium with carbonate and bicarbonate 
species. Algae are able to use free CO2 and HCO3 as a carbon source (Goldman, 
1999; Binaghi et al., 2003). The relevant equilibrium and the corresponding 
equilibrium constants that need to be considered are: 

CO 	H O	 ↔ 	H CO 	↔ HCO H  and K HCO . 10  (2-20)

HCO 	↔ CO 	H  and K CO . 10   (2-21)

H O	 ↔ 	H OH  and K OH . H 10   (2-22)

The pH of the system determines the relative concentrations of the different 
carbonaceous species in the water which clearly affects the availability of carbon 
for the microalgae present in the system (Azov, 1982). Carbon dioxide is the 
dominant carbon species when the pH is lower than 6.36 (pKa1 = 6.36), whereas 
at pH values higher than 10.33 carbonate is predominant (pKa2 = 10.33). At pH 
values in the range 6.36 to 10.33 bicarbonate is predominant. 

Vazquez-Burney et al. (2009) have modelled the algae processes within a biofilm. 
Carbon dioxide and bicarbonate are introduced as carbon and energy source for 
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the growth of the microalgae and carbon dioxide is assumed to be the primary 
carbon source. The hydration of CO2 and the dissociation of HCO3 which is 
influenced by the pH level is modelled through the equations presented in Table 
2.3 in the Gujer matrix (Wolf et al., 2007). In this matrix K1 and K2 represent the 
dissociation constants for carbonate and bicarbonate, respectively. The rate 
constants for these reactions are given by k1 [d-1] and k2 [d-1].  

Table 2.3: Gujer matrix of the hydration of CO2 and dissociation of HCO3 presented by 
Wolf et al. (2007). 

Process CO  HCO CO Process rate 

Hydration CO  -1 1  k ∙ CO HCO ∙
H
K

 

Dissociation HCO   -1 1 k ∙ HCO H ∙
CO
K

 

2.3 Hydraulics of waste stabilization ponds 

The hydraulic regime of a pond determines the time the effluent water resides in 
the pond, affecting directly the overall performance of the WSP (Shilton et al., 
2000). The analysis of the pond hydraulics is an essential step in the 
understanding of the effectiveness of the WSP, and this insight is needed as the 
basis for the improvement of the plant operation (Alvarado et al., 2011). 
Nowadays, there are mainly two approaches to address mathematically the 
hydraulics of ponds, these are the systemic models and the Computational Fluid 
Dynamics (CFD) models, and both are normally evaluated and/or calibrated by 
tracer experiments. 

2.3.1 Tracer studies in ponds 

Tracer studies are extensively applied for the determination of the transport, 
mixing, and diffusion properties of substances in water systems. Such studies 
basically involve the temporal and spatial monitoring of a tracer applied to the 
system. A variety of tracer substances are available, some occur in natural systems 
as natural materials or pollutants, but the vast majority are deliberately injected. 
These materials or substances can be salts, floating materials, radioisotopes, 
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bacterial phages and the most common, fluorescent tracers. All fluorescent 
materials have the property to emit light upon an external source of irradiation; 
this emission stops immediately when the source of irradiation is removed. The 
natural fluorescence can be found in nature in some microorganisms such as algae 
and humic substances (Valero and Mara, 2009). In wastewater treatment plants 
fluorescent tracers are mostly used for the following reasons: (a) water soluble, (b) 
highly detectable at low concentrations, (c) fluorescent in a part of the spectrum 
not common for materials generally found in water, thus reducing the problem of 
background fluorescence, (d) harmless in low concentrations, (e) inexpensive, and 
(f) reasonably stable in a normal water environment (Valero and Mara, 2009). 

The most commonly fluorescent tracer used in water systems is Rhodamine WT 
(C29H29N2O5ClNa2) which is considered non-biodegradable and non-adsorbable 
by solids (Yanez, 1993). However, recent studies have shown that (i) the 
fluorescent tracer has the tendency to be adsorbed, and (ii) the fluorescence 
intensity is affected by the temperature and conductivity of the effluent water in 
the WSP (Valero and Mara, 2009).  

Despite the concerns of the fluorescent tracers, several studies in pond hydraulics 
have been conducted in full-scale waste stabilization ponds, showing the 
usefulness of this technique for describing consistently the hydraulics of the pond 
systems (Domonte and Mara, 1987; Moreno, 1990; Torres et al., 1997; Torres et 
al., 1999; Shilton et al., 2000; Torres et al., 2000; Shilton et al., 2008). 
Unfortunately, the variable inflows and weather conditions can affect the 
hydraulic and biogenetic behaviour of the relative thin water layer in WSP, 
hindering the reproducibility of experiments in full-scale systems.  

2.3.1.1 Tracer experiments set-up 

The calculation of the amount of tracer needed in the pulse experiment is a 
function of the minimum detectable limit of the fluorometric device used and 
some conditions of the hydraulic regime of the reactor. Considering the low 
reproducibility of the tracer experiments in full scale systems, a good practice is to 
perform “try experiments” in order to gain experience in the lowest 
concentrations that can accurately be measured (Shilton and Harrison, 2003a). 
However, a good approximation in order to calculate the amount of tracer is to 
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assume that the tracer added to the pond becomes fully mixed in the whole 
volume. This tracer concentration must be equal to the lowest detectable limit of 
the fluorometric device. The amount obtained is then increased by an empirical 
factor depending of the hydraulic regime of the reactor. In this way, it is ideally 
ensured that the effluent tracer concentration will be well within the range that 
can be accurately measured (Shilton and Harrison, 2003a). 

For practical purposes and according to the experience obtained in dozens of 
experiments, Yanez (1993), presents the following relation: 

K ∙ C ∙ V
1E6 ∙ P ∙ δ

(2-23

where vT is the volume of tracer solution [litres], Kr the dimensionless factor, Cmin 
the minimum detectable tracer concentration [g.l-1], V the volume of the reactor 
[m3], P the mass fraction of pure tracer within tracer solution [-],  the density of 
tracer solution [kg.litre-1]. 

Rhodamine WT is usually available as a solution with a concentration of 20% of 
pure tracer mass, so the value of P is usually 0.2. For the case of tracer 
experiments in ponds, the value of Kr can be assumed equal to 8 for all pond 
types, however, this value could be reduced until Kr=1.85 for ponds exhibiting a 
regime close to plug flow (Yanez, 1993). However, considering recent tracer 
experiments performed in full scale systems (Alvarado et al., 2012a; Alvarado et 
al., 2012b), it is recommended not to decrease the factor below Kr = 5 for tracer 
experiments in waste stabilization ponds even if the flow apparently behaves close 
to a plug flow reactor. This is recommended for an adequate and accurate 
description of the RTD curve. 

2.3.2 The Residence Time Distribution curve 

There are two known ideal flow reactors: the plug-flow and the mixed flow 
reactors. In the plug-flow reactor (PFR) the fluid elements enter the reactor 
continuously and pass through it in the same sequence in which they entered the 
reactor (Von Sperling, 2007), which implies no mixing or diffusion along the 
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flow path. In the mixed flow reactor, also known as continuous stirred tank 
reactor (CSTR) the contents are well stirred and uniform throughout. Thus, the 
exit fluid from this reactor has the same composition as the fluid within the 
reactor (Levenspiel, 1999). The real systems behave normally between these two 
reactors.  

Considering any reactor of fixed volume in which a finite amount of an inert 
substance is injected at the inlet in a short time, the distribution of the substance 
coming out the reactor with respect to time is called the Residence Time 
Distribution (RTD), which can be evaluated in real systems by means of tracer 
experiments. There are several methods of tracer injection as reported by Yanez 
(1993):  

 Pulse method   
 Step method or continuous injection 
 Gradual injection 
 Ramp injection 
 Exponential injection 
 Sinusoidal injection 
 Multi-pulse injection 

The experimental procedure in a tracer study consists of injecting the substance 
into the reactor at time t=0. The tracer concentration is then measured in the 
outflow as a function of time. Pulse and step inputs are the most commonly used 
methods of injection; they are discussed in more detail in the following sections. 

2.3.2.1 The pulse method 

In a pulse input, an amount of tracer is suddenly injected in bulk into the feed 
stream entering the reactor in as short as possible time frame. The outlet 
concentration C [kg.m-3] is measured as a function of time, resulting in a curve as 
shown in Figure 2.3 (left). The area under the curve Ac [kg.day.m-3] and the mean 
of the curve ̅ [day] are evaluated as follows (Levenspiel, 1999): 
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A C dt ≅ C ∆t  (2-24)

t̅
t C t

C t
≅
∑ t C ∆t
∑C ∆t

(2-25)

For comparative analysis, the RTD curve can be normalized. This can be done by 
rescaling yielding the area under the curve of 1. The result is called the E curve or 
normalized curve and is evaluated as: 

C ∙ Q

M
 (2-26)

where Q is the flow rate entering the reactor [m3. day-1] and M the mass of tracer 
recovered [kg]. 

2.3.2.2 The step method 

The step method implies injecting at time t=0 a constant load of tracer                 
q [kg.day-1] with concentration Cmax [kg.m-3] into a reactor in which a continuous 
flow rate Q [m3.day-1] is entering. The outlet concentration is then measured as a 
function of time, resulting a curve as shown in Figure 2.3 (right). The material 
balance analysis in the reactor gives the following expression (Levenspiel, 1999) 
for evaluating the mean or the curve ̅ [day]: 

t̅
t C

C

1
C

t	 C (2-27)

In a similar way as the pulse method, the RTD curve can be normalized. Here, 
the concentration readings curve is adjusted rising from 0 to a maximum of 1. 
The curve obtained is called the F curve and is expressed as: 
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C ∙ Q

q
 (2-28)

where Q is the flow rate entering the reactor [m3. day-1]. 

 

Figure 2.3: Pulse (left) and step (right) methods of tracer injection and graphical 
description of the tracer concentration readings at the output. Adapted from Levenspiel 
(1999) 

2.3.3 The Systemic models 

The hydraulic regime in waste stabilization ponds is for almost all practical cases a 
regime between a plug-flow and a complete mixed flow. These ideal situations are 
very difficult to obtain in practice because of several factors such as characteristics 
of inlet and outlet structures, sludge deposits, environmental conditions influence, 
etc. The arbitrary flow performing between these two regimes is called dispersed 
flow (Von Sperling, 2007). The mathematical description of the dispersed flow 
model was originally developed by Danckwerts (1953) and the first analytical 
solution was reported in 1956 by Wehner and Wilhelm (1995). 

In order to mathematically approximate the mixing behaviour described above in 
reactors (in between plug flow and completely mixed flow) without using the 
advection-dispersion partial differential equation, two classical systemic 
approaches can be used, i.e. the dispersion model or the tanks-in-series (TIS) 
model. They are roughly equivalent when dealing with small deviations from plug 
flow (Levenspiel, 1999). Traditionally the dispersion model has been used in the 
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analysis and design of waste stabilization ponds, while the TIS model has been 
widely applied when modelling activated sludge wastewater treatment systems. 

Both models have limitations for representing the hydraulic behaviour of complex 
systems. Levenspiel (1999) states that the use of dispersion model in systems with 
large backmixing is questionable and, moreover, Polprasert and Bhattarai (1985) 
alerted that the dispersion model does not account for stagnant or dead zones. 

On the other hand, the TIS model has the advantage of being simple and, hence, 
not very computationally demanding. However, this simplicity is also its major 
limitation. TIS models describe fluid flow in only one direction and can only 
account for some back-mixing by maintaining the liquid longer in the system, by 
adjusting the backmixing rate (Le Moullec et al., 2010). Recirculation fluxes, 
which in some systems (like the WSPs under study here) become very important, 
cannot be properly represented with TIS.  

2.3.3.1 The dispersion model 

The mixing behaviour in reactors is governed by molecular diffusion which is 
described by Fick’s law (Levenspiel, 1999). Considering all the contributions to 
intermixing of fluid flowing in the x-direction, Fick’s law describes the dispersion 
of a tracer “C” as: 

∂C
∂t

D
∂ C
∂x

(2-29)

where, D is the longitudinal or axial dispersion coefficient [m2.day-1] that 
describes the degree of backmixing in the reactor (Shilton and Mara, 2005a). 
Considering U the mean longitudinal velocity along the reactor [m. day-1], and L 
the longitudinal length along the reactor [m], the equation (2-29) can be 
rewritten in a dimensionless form as:  

∂C
∂θ

d
∂ C
∂z

∂C
∂z

(2-30)



Chapter 2 

33 
 

where z = (Ut + x) / L [-],  and  = t / tmean = tU / L [-], and: 

d
D
UL

(2-31)

Where, d is the dispersion number [-], which characterizes the extent of the axial 
dispersion of the flow (Levenspiel, 1999).  When d tends to zero, the dispersion is 
negligible, therefore the reactor tends to a plug flow regime. On the other hand 
when d tends to infinity, the dispersion is very large and hence, the reactor tends 
to a complete mix regime. 

In practical, the dispersion number d challenges to address in a single number 
several processes occurring in real reactors (Shilton and Mara, 2005a): 

 The flow rate and its time variability 
 The inlet/outlet shape, size and positioning 
 The wind variability 
 The pond geometry (with or without baffles influence) 
 The density and temperature effects 

The analysis of the RTD curve characterizes mathematically the reactor providing 
directly two main parameters of the system: (i) the mean residence time (  
(section 2.3.2), or when the curve passes by the exit in ideal vessels; and (ii) the 
variance	 ) which is a measure of the spread of the RTD curve. For discrete 
data and considering the pulse input approach, the variance is defined according 
to Levenspiel (1999) as follows: 

σ ≅
∑ t t̅ C ∆t

∑C ∆t

∑ t C ∆t
∑C ∆t

t̅   (2-32)

where, t is the time [day], C the tracer concentration [g = parts per billion (ppb)] 
and σ  the variance [day2] of the RTD curve. 

The variance can be expressed in its dimensionless form σ  and linked to the 
dispersion number d. However, two different situations must be considered: small 
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and large values of the dispersion factor. According to Yanez (1986), for the vast 
majority of the cases in real systems the value of the dispersion is larger than 0.01. 
Then, the “d” value can be evaluated with the following expression: 

σ
σ
t̅

2 d 2 d 1 e ⁄ (2-33)

where σ  is the dimensionless variance [-]. 

For small values of the dispersion factor (the reactor tends to plug-flow regime,    
d < 0.01). The dispersion is evaluated with the following equation: 

σ
σ
t̅

2 d (2-34)

For almost all practical cases in WSP systems, from equation (2-33), the 
dispersion number “d” can be directly evaluated by means of tracer experiments in 
the reactor. However, for the design of new ponds, “d” is estimated according to 
empirical relations as shown in Table 2.4.    

As observed in the equations (2-35) to (2-39), there are drastic differences in the 
empirical formulations of the dispersion number. Von Sperling (2007)  
emphasizes that these formulations can vary with time in the same pond due to 
environmental conditions. Correlation analysis among these formulations were 
done by Von Sperling  (2007) showing almost perfect correlation between very 
complex formulations and simpler ones and also no correlation among some of 
them. This analysis suggests that the dispersion model has limitations to properly 
describe the hydraulics of ponds, however this model is still useful for preliminary 
estimation during a pond design. 
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Table 2.4: Empirical equations of the dispersion number “d”. 

Author Equation  

Agunwamba 
et al. (1992): d 0.10201 ∙

U∗

U

.

∙
h
L

∙
h
B

. . ∙

	 (2-35)

Nameche 
and Vasel 
(1998) 

1
d

0.31 ∙
L
B

0.055 ∙
L
h

  (2-36)

Polprasert 
and Batharai 
(1985): 

d
0.184 ∙ t ∙ ν ∙ B 2 ∙ h . ∙ B .

L ∙ h . 	 (2-37)

Von Sperling 
(1999) d

1
L B⁄

(2-38)

Yanez (1993) d
L B⁄

0.26118 0.25392 ∙ L B⁄ 1.01368 ∙ L B⁄
	 (2-39)

Where, U* is the shear velocity [m.day-1], U the flow velocity [m.day-1], H the pond depth 
[m], L the pond length [m], B the pond width [m], t the pond retention time [day] and  
the kinematic viscosity of the water [m2. day-1]  

2.3.3.2 Tanks-in-series modelling (TIS) 

The systemic tanks-in-series model (TIS) was built as the simplest approach to 
model a dispersion flow with the capability to be coupled with any kinetic model 
(Levenspiel, 1999). TIS model implies a series of CSTR with identical volume. 
TIS tanks can give identical results compared to the dispersion models for not too 
large a deviation from plug flow model for all practical purposes. 
 
Considering the Figure 2.4, where “n” tanks of the same volume are connected in 
series, an ideal pulse of tracer is injected into the first tank. Then, the E curve for 
“n” tanks can be written applying the Laplace transform as: 
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Figure 2.4: Tanks-in-series with recirculation flow. Adapted from Levenspiel (1999) 

t ∙ e ̅⁄

t̅ ∙ n 1 !
  (2-40)

where ̅  is the mean residence time of any individual tank [day]. the variance of 
the E curve is defined as: 

σ n ∙ ̅   (2-41)

The variance 2 [day2] can be expressed also dimensionless and then related to the 
properties of any tracer curve as: 

σ
σ
t̅

1
  (2-42)

where, t ̅represents the mean residence time of the whole TIS system [day]. From 
the analysis of the RTD curve obtained in a tracer study, the equation (2-42) can 
be applied to find a number of tanks equivalent to the axial dispersion model of 
any system.  

The additive property of the TIS model makes this approach useful in modelling 
recirculation flow systems in which the modeller can adjust the model with the 
back flow rate (Levenspiel, 1999), which brings: 

σ 	 	and				 ̅ ̅ ̅ 	 (2-43)

As stated before, TIS models have several applications when working for small 
deviations from plug flow. When the system presents other challenges such as 
back-mixing flows, stagnant zones and short circuits, this model should not be 
chosen.  
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2.4 Computational Fluid Dynamics models 

2.4.1 Introduction 

Generally speaking, Computational Fluid Dynamics (CFD) models comprise 
numerical techniques to solve the fundamental Navier-Stokes equations of mass, 
momentum and energy. The system under study needs for this purpose to be 
discretized in finite elements (meshing), which implies a balance between the 
accuracy of the solution needed and the computational load that can be handled. 
There are several commercial CFD software packages available with very stable 
numerical techniques and user-friendly graphical user interface (GUI).  The 
continuous increase in computational power and in the development of new 
applications has significantly increased the use of CFD models for design and 
analysis of fluid reactors in the last two decades. The wastewater engineering is 
one of the successful fields where CFD models are being applied. 

2.4.2 CFD models on Waste Stabilization Ponds 

The hydraulic analysis and design of pond systems have changed significantly in 
the last 15 years since the publishing of the first report of the application of a 
commercial package of Computational Fluid Dynamic (CFD) software by Wood 
et al. (1995). Until that time, the classic design approaches were not able to 
address the short-circuiting which is frequently present in rectangular ponds 
exhibiting circular flow patterns. Besides, any change in the positioning of 
inlet/outlets, baffling or the influence of external aerators in the hydraulic profile 
were only solved by means of intuitive guess work and intensive experimentation 
(Wood et al., 1995).  However, even since, the computers and the CFD software 
became notably more powerful for allowing complex computer simulations of 
pond hydraulics to be undertaken (Shilton, 2000). 

Wood et al. (1995) and Wood et al. (1998) reported a two dimensional approach 
in a WSP using a laminar flow and a turbulence model respectively. These studies, 
despite very innovative, highlighted the limitations of the 2D model for 
describing properly the complexity of the hydrodynamics of the pond flow. 
Shilton (2000) and Salter et al. (2000) were the first authors to report a 3D model 
of a WSP including scenario analysis with and without baffling. Shilton (2000) 
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reported a comparison of BOD and coliform removal using a first-order kinetics 
equation applied to the results of a virtual tracer pulse. This study highlighted the 
importance of the validation of the CFD models against experimental data.  

Sweeney et al. (2003) analysed the effect of wind on the RTD curve and flow 
profiles in a large WSP using a 3D CFD model. Vega et al. (2003) and Shilton 
and Harrison (2003b) were the first authors to integrate biokinetics into the 
hydraulic solution of a CFD model. The former assessed 2D CFD models for 
predicting first order BOD decay on several configurations of an anaerobic pond 
and also reported on the effects of sludge accumulation in the HRT distribution 
function. The latter, used a source term to evaluate first order kinetics for 
coliform decay which was solved together with flow equations in every cell of a 
3D pond configuration. The results were validated against experimental data in 
both cases. The prediction of thermal stratification in WSPs using a 3D CFD 
model was reported by Sweeney et al. (2005). 

Karteris et al. (2005) validated with experimental data a 3D unsteady CFD 
modelling, describing the hydrodynamic pattern and thermal energy balance of an 
experimentally covered anaerobic pond. Aldana et al. (2005) validated a 3D CFD 
model against physical models and full scale maturation ponds for analysing 
inlet/outlet positioning and wind influence and baffling. Shilton and Mara 
(2005b) proved also the concept of baffling in a tropical climate WSP for 
improving pathogen removal. They tested different scenarios with a 3D CFD 
model coupled with a first order E. coli equation. Since that time, the capability 
to test different geometric scenarios for baffling and/or positioning of 
inlets/outlets for improving hydraulic performance have without doubt been the 
most successful application of CFD models. 

The performance of an aerated wastewater treatment pond using CFD models 
was assessed for first time by Pougatch et al. (2007). Here, one separate superficial 
aerator was modelled and the results were used as boundary conditions for 
modelling the entire pond. The results were validated by means of residence time 
comparisons measured in a tracer study.  This modelling approach is so far the 
unique comprehensive CFD study to deal with the complexities of multiphase 
flows and mechanical aerator effects on a full scale facultative-aerated pond. 
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At that stage, CFD models demonstrated their usefulness as design and analysis 
tool by means of scenarios comparison. However, for assessing the system 
performance, the predictive power of the CFD models was still under discussion 
because the validation against experimental data was very scarce. Shilton (2008) 
highlighted this situation and presented a validation of a CFD model against 
tracer data in a pilot lagoon. He also stressed the challenge that represents the 
incorporation of transient discharges and all the external factors into a CFD 
model because of the requirement of large experimental and computational 
resources.  

In recent years, Wu and Chen (2011) reported a 3D CFD model incorporating 
first order kinetics for BOD removal and methane yield as linear function of 
temperature into the flow equations and incorporating a thermal heat conduction 
and solar radiation. Later, Olukanni and Ducoste (2011) using a pilot scale 
system, applied a 2D CFD model coupled with an optimization program for 
selecting the best WSP baffling configuration based on cost and treatment 
efficiency.  

The full incorporation of biokinetics into CFD models is becoming feasible 
nowadays. In this in regard, Sah, et al. (2011) presented a 3D hydrodynamic 
model (3640 elements) coupled with biokinetics based on the Activated Sludge 
Model (ASM) concept (Henze et al., 2000). This model, however, remains merely 
theoretical since it still requires calibration and validation against experimental 
data.  

The contributions of CFD modelling on Waste Stabilization Ponds detailed in 
this section are summarized in Table 2.5 as a timeline of the key features reported. 

 

 

 

 

 



Literature Review 

40 
 

Table 2.5: Timeline of key CFD modelling contributions to Waste Stabilization Ponds. 

Reference 
CFD Platform 

/ Type 
Contributions 

(Wood et al., 1995) FIDAP / 2D Highlights the potential and limitation of 
CFD models. First reported paper of CFD 

modelling of WSPs 

(Wood et al., 1998) FIDAP / 2D Uses a turbulence model for flow description

(Shilton, 2000) PHOENICS / 
3D 

First 3D model reported; first order kinetics 
on results of virtual tracer test; baffling 

scenarios comparison 

(Salter et al., 2000) N.A. / 3D First 3D model reported; baffling scenarios 
comparison 

(Shilton and 
Harrison, 2003b) 

PHOENICS / 
2D 

First to integrate biokinetics into the 
hydraulic solution. Baffling scenarios 

comparison 

(Vega et al., 2003) MIKE 21 / 2D First to integrate biokinetics into the 
hydraulic solution. Several inlet/outlet, 

baffling comparisons. Sludge effects on HRT 

(Sweeney et al., 
2003) 

FLUENT 5.5 / 
3D 

Analysis of the effect of wind over the RTD 
curve and flow profiles in a large WSP 

(Karteris et al., 
2005) 

FLUENT / 3D Validation of thermal and hydrodynamic 
profile against experimental data in an 

anaerobic pond 

(Shilton and Mara, 
2005b) 

PHOENICS / 
2D 

Analysis of baffling a tropical climate WSP 
for improving pathogen removal 

(Pougatch et al., 
2007) 

U. British 
Columbia code 

/ 3D 

Assessment of multiphase flows and 
mechanical aerators effects on a full scale 

facultative-aerated pond 
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Reference 
CFD Platform 

/ Type 
Contributions 

(Shilton et al., 
2008) 

PHOENICS / 
3D 

Validation of RTD response against tracer 
experiment in pilot and full-scale pond 

(Wu and Chen, 
2011) 

FLUENT / 3D Integration of physical and biological 
equations into CFD solution for BOD 

reduction and Methane production 

(Sah et al., 2011) DELFT 3D / 
3D 

Coupled full biokinetics into CFD solution 
of a coarse 3D facultative pond model 

(Alvarado et al., 
2012b) 

FLUENT / 3D 
Building of compartmental models based on 

CFD results for coupling full biokinetic 
models on compartments. 

2.4.3 Mathematical formulation 

The analysis of the flow throughout a reactor in a Computational Fluid Dynamics 
code implies the numerical solution of the mass (continuity) and momentum 
conservation equations. Depending on the complexity of the phenomena under 
study, more equations should be added to the basic ones, e.g. for thermal transfer, 
the energy conservation equation is needed. The hydraulics of WSPs comprises 
normally a combination of laminar and turbulent flows which means that 
turbulence transport equations should be used. An overview of the governing 
equations and parameters used in typical CFD studies are briefly explained in this 
section. 

2.4.3.1 Continuity and Momentum equations. 

The mass conservation equation (continuity) in an unsteady three-dimensional 
form is given by Versteeg and Malalasekera (2007) as: 

∂ρ
∂t

∂ ρu
∂x

∂ ρv
∂y

∂ ρw
∂z

0	 (2-44)
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where,  is the density [kg m-3], u, v, w are the velocity components in the x, y, z 
directions respectively [m s-1]. The first term on the left hand side is the rate of 
change in time of the density. The remaining terms describe the net flow of mass 
out of the element across its boundaries and are called the convective terms. For 
an incompressible fluid the density is constant and the equation (2-44) becomes: 

∂u
∂x

∂v
∂y

∂w
∂z

0	 (2-45)

The momentum equation in three dimensions is derived based on Newton’s 
second law which states that the rate of change of momentum of a fluid particle 
equals the sum of the forces on the particle. These forces can be surface (pressure, 
viscous, gravity) and body forces. It is common to express the surface forces as 
separate terms in the momentum equation and the body forces as sources terms 
(Versteeg and Malalasekera, 2007). Therefore, the x-component momentum 
equation is found by setting the rate of change of x-momentum of the fluid 
particle equal to the total force in the x-direction on the element due to surface 
stresses plus the rate of increase of x-momentum due to sources: 

ρ
Du
Dt

∂ p τ
∂x

∂τ

∂y
∂τ
∂z

S 	 (2-46)

where u is the x-velocity component [m s-1], p is the pressure [Pa], xx, yx and zx 
[Pa] are the viscous stresses acting in the x direction on a surface normal to the x, 
y, and z direction respectively and SMx is the sum of the body forces in the x 
direction [N]. 

Following the above reasoning, the y and z component momentum equations are 
expressed as: 

ρ
Dv
Dt

∂τ

∂x

∂ p τ

∂y

∂τ

∂z
S 	

(2-47)
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ρ
Dw
Dt

∂τ
∂x

∂τ

∂y
∂ p τ

∂z
S 	 (2-48)

where v and w are the y and z velocity components [m s-1], xy, yy and zy [Pa] are 
the viscous stresses acting in the y direction on a surface normal to the x, y, and z 
direction respectively, xz, yz and zz [Pa] are the viscous stresses acting in the z 
direction on a surface normal to the x, y, and z direction respectively and SMy and 
SMz are the sum of the body forces in the y and z direction respectively [N]. 

2.4.3.2 Inert species transport. 

When the objective of the modelling is the analysis of the residence time 
distribution curve (RTD), the model requires to solve the transient of an inert (no 
reactive) solution into the pond by means of the species transport model. The 
scalar transport equation is given by: 

∂ρϕ
∂t

∂
∂x

ρv ϕ D
∂ϕ
∂x

0	 (2-49)

where, k is the scalar [-], Dk the diffusion coefficient. [m2 s-1]. 

2.4.3.3 Turbulence 

The details of the turbulent fluctuations are for most engineering purposes 
unnecessary to resolve (Versteeg and Malalasekera, 2007). CFD users are normally 
satisfied with information about the time-averaged properties of the flow. 
Therefore, the vast majority of turbulent flow computations is carried out with 
procedures based on the Reynolds-averaged Navier–Stokes (RANS) equations. In 
order to compute the turbulent flows with the RANS equations, a new set of 
transport equations which average the fluctuations is provided in CFD codes. For 
the determination of the new variables that appear in the new equations based on 
known quantities, CFD codes have several sets of turbulence models.  

The choice of the most suitable turbulence model depends on several factors such 
as the characteristics of the flow, the accuracy needed, etc. However, previous 
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modelling experience of similar systems can be of help to choose the turbulence 
model. In this study, the turbulence model used was the standard k- model. This 
is a two-equation model to account for transported variables representing the 
kinetic energy in turbulence and the scale of turbulence. This model has been 
shown previously in literature to be useful for free-shear layer flows with relatively 
small pressure gradients. Similar to the case of wall-bounded flows or internal 
flows, this model holds good for cases where the mean pressure gradients are not 
too adverse. This model has been widely used for modelling WSPs. The 
turbulence kinetic energy, k, and its rate of dissipation, , are obtained from the 
following transport equations (Versteeg and Malalasekera, 2007): 

∂
∂t

ρk div ρk div
μ
σ
grad k 2μ S ∙ S ρε	 (2-50)

∂
∂t

ρε div ρε div
μ
σ
grad ε C

ε
k
2μ S ∙ S C ρ

ε
k
  (2-51)

where, k is the kinetic energy [m2 s-2],  the turbulence dissipation rate [m2 s-3], Sij 
the rate of deformation [m s-1],  turbulent Prandtl (Prt) numbers for k and 
, (1.0, 1.3 respectively) [-], U represents the mean velocity vector [m s-1]. 
Applying dimensional analysis, the turbulent viscosity (eddy) is calculated as 
follows: 

μ ρC
k
ϵ
	 (2-52)

The model constants have the following default values: C1=1.44, C2=1.92, 
C=0.09, k=1.0,  =1.3. A detailed explanation about the equations, parameters 
and other constants definition is available at (Versteeg and Malalasekera, 2007). 
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Abstract 

Aerated lagoons (ALs) are important variants of the pond wastewater treatment 
technology that have not received much attention in literature. The hydraulic 
behaviour of ALs and especially the facultative aerated lagoons (FALs) is very 
complex since the aeration in these systems is designed for oxygen transfer but not 
necessarily to create complete mixing. Different 3D CFD models (one phase and 
multiphase) of a 3 ha FAL in a waste stabilization pond system in Cuenca 
(Ecuador) were built. The thrust produced by the aerators was modelled by an 
external momentum source applied as velocity vectors into the pond fluid. The 
results of a single phase model were satisfactorily validated against experimental 
velocities and a residence time distribution RTD curve gathered from a tracer 
study. Subsequently, a scenario analysis assessing several aeration schemes with 
different numbers of aerators in operation were tested with respect to velocity 
profiles and residence time distribution (RTD) curves. This analysis showed that 
the aeration scheme with all 10 aerators switched on produces a similar hydraulic 
behaviour compared to using only 6 or 8 aerators. The current operational 
schemes comprise of switching off some aerators during the peak hours of the day 
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and operating all 10 aerators during night. This current practice could be replaced 
by continuously operating 4 or 6 aerators without significantly affecting the 
overall mixing. Furthermore, a continuous mixing regime minimises the sediment 
oxygen demand enhancing the oxygen levels in the pond. 

3.1 Introduction 

The term ‘waste stabilization ponds’ (WSP) covers several variants of the 
wastewater treatment pond technology. The most known and broadly used 
anaerobic, facultative and maturation ponds, have been actively investigated in the 
past decades. However, there are other important variants in the pond treatment 
technology that have received less attention by researchers. One of these is the 
aerated pond or lagoon (ALs).  

The ALs are especially popular in the treatment of industrial wastewaters, 
particularly in the pulp and paper industry. However, ALs are also an option for 
primary treatment of municipal wastewaters. Depending on the energy supplied 
through mechanical aeration, ALs can be classified into fully mixed and partially 
mixed lagoons. In the partially mixed lagoons the aerators are specifically designed 
to provide only the oxygenation but not to keep the biomass and influent 
materials in suspension. This results in the formation of a bottom sludge layer 
which is decomposed by anaerobic processes (Von Sperling, 2007). Based on this 
fact, partially mixed lagoons are also known as facultative aerated lagoons (FALs).  

The hydrodynamics of FALs (and WSPs in general) is an important aspect as it 
significantly affects the performance of the pond (Nameche and Vasel, 1998). 
Hence, the proper operation and design of FALs demands a profound 
understanding of the pond hydraulics. In large full-scale systems, the hydraulics of 
the pond are particularly complex since recirculation flows, backmixing, and 
stagnant zones are likely present. Moreover, the hydraulics in aerated ponds is 
influenced by yet another degree of complexity, i.e. the correct representation of 
the flows induced by the mechanical aeration devices and their influence on the 
whole mixing behaviour of the pond.  

Surprisingly limited numbers of hydraulic studies on FALs are available in the 
literature. One reason for the latter could be the limited quantitative and 
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qualitative methods available to characterize the mixing process in these ponds 
(Pougatch et al., 2007) which can be grouped in classical tracer studies and more 
recently developed Computational Fluid Dynamic (CFD) studies applied to 
WSPs. 

Tracer studies are the widespread state-of-the-art method to assess the hydraulics 
of pond systems, despite their demand of intensive and time-consuming field 
work. The stimulus-response technique is the most commonly used procedure. In 
this method the concentration measured at the outlet represents the residence 
time distribution (RTD) curve from which the mean residence time, the variance 
of the curve and the Peclet number can be derived (Nameche and Vasel, 1998; 
Nauman, 2008). The stimulus-response technique is, nevertheless, as described by 
Broughton and Shilton (2012) a ‘black box’ which gives very limited quantitative 
information about the internal flow patterns in the pond. 

Besides the stimulus-response method, some tracer studies have been reported in a 
wider perspective. Delatolla and Babarutsi (2005) used the tracer concentrations 
measured at 6 locations inside a full-scale aerated pond for the calibration of a two 
cell compartmental model. Broughton and Shilton (2012) depicted tracer 
distribution maps by interpolating the results of tracer concentrations at 24 points 
throughout an aerated pond. In spite of the latter efforts, there is a consensus 
among researchers about the limitations of tracer studies for explaining the 
complex behaviour of aerated ponds. In full-scale systems, the low repeatability of 
tracer experiments reduces the power to analyse distinct scenarios, which is a 
requirement when studying the energy consumption and the mixing optimization 
in aerated pond systems. 

Computational fluid dynamic (CFD) models have become a powerful alternative 
tool for exploring the mixing behaviour of WSPs in a very detailed manner. Sah et 
al. (2012) summarizes the multiple scientific contributions of CFD models to 
WSP systems. Nevertheless, very limited comprehensive studies of applications of 
CFD to aerated pond systems have been reported in the literature in the last 
decade. Peterson et al. (2000) and Peterson et al. (2001) presented a procedure for 
building a steady-state 3D CFD model for analysing the effect of aerators on the 
sedimentation behaviour in an aquaculture pond and then studied aerator 
positioning. The aerator effects in both studies were modelled as a force added to 
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the momentum equation. In terms of model validation, a set of experimental 
velocities taken at two different depths (near to the surface and bottom) were 
used. The CFD model predicted the velocity in the majority of the pond with 
good accuracy except near the surface. This disagreement was accounted for by 
the various factors such as wind effects, transient flows, experimental errors, etc. 
In the case of near bottom velocities the model performs better for predicting the 
magnitude of velocities. In both cases the velocity direction was acceptably 
correlated which was the (more important) fact assumed by the authors to validate 
their CFD model. 

Pougatch et al. (2007) described a 3D CFD model in which the effect of spray 
floating aerators was modelled separately and then added as a boundary condition 
to the pond. For model validation, a RTD curve was built by results post 
processing. Subsequently, the local residence time was calculated in some 
locations of the pond and compared to experimental measurements reported in 
1997. In an attempt to reduce the computational demand, Stropky et al. (2007) 
presented a method, based on random-walk Lagrangian particle tracking for 
simulating a dye tracer and thus to evaluate the RTD curve in aerated ponds. The 
particle tracking method was reported around 10 times faster than the transient 
conventional method used. Despite of the novelty, no other attempt has been 
reported in this regard. 

More recently, Wu (2010) reported a 3D CFD model of an aerated pond, 
modelling the aerators as momentum sources applied to the liquid. The 
theoretical model was reasonably validated against lab observations in a stand-
alone model. 

From the literature cited above, it is clear that mixing characteristics in aerated 
ponds are only fairly explained by tracer experiments. In contrast, the CFD 
models have the potential to explore the hydraulics of the ponds in more detail. 
However, a comprehensive validation of CFD models on aerated ponds using 
experimental data is yet to be reported. This paper contributes towards the 
understanding of the complex dynamics of the FALs. A full-scale 3D model of an 
aerated pond is developed and validated qualitatively and quantitatively using 
both measured velocities and tracer experiments. Both single and multiphase 
models are compared, as well as an assessment of the mixing behaviour under 
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distinct aeration scenarios. The discussion section shows the necessity of a 
comprehensive knowledge of the mixing patterns in aerated lagoons for the smart 
use of the energy applied for mechanical aeration.   

3.2 Materials and Methods 

3.2.1 The Waste Stabilization Pond System  

The Ucubamba WSP system, the biggest wastewater facility in Ecuador, treats the 
effluent of the Andean city of Cuenca, the third largest city of the country (Figure 
3.1). The sewerage system of the city consists of a combined system covering 
nowadays around 400,000 inhabitants equivalent. The wastewater composition 
corresponds to mainly domestic effluents of the city (up to 95%) and a minor 
percentage of industrial wastewaters. The WSP system is located at an altitude of 
2,400 meters above sea level with an annual average temperature of 14 ºC. The 
WSP is in operation since 1999 by the Municipal Company ETAPA (Empresa 
Pública Municipal de Telecomunicaciones, Agua Potable, Alcantarillado y 
Saneamiento de Cuenca, Ecuador).  

The WSP system consists of a pre-treatment step (screening and grit chamber) 
followed by a flow splitter into two flow lines (Figure 3.2); both lines comprise of 
an aerated lagoon (using mechanical floating aerators), a facultative lagoon and a 
maturation pond. The average discharge influent to the system is 1.2 m3.s-1. The 
total surface of the WSP is 45 ha, and the hydraulic retention time is 11.5 days. 
The flow through the different ponds in the system is done entirely by gravity. 
Each treatment line discharges separately into the Cuenca river. The annual 
average influent discharge, the average influent concentrations, loads and removal 
efficiencies of the system for the period 1999-2010 are summarized in Table 3.1. 
As seen in Table 3.1, the removal efficiency of the WSP is comparable with the 
values reported in the literature for this treatment technology. Despite the relative 
low temperatures occurring at the city of Cuenca as compared to tropical cities, 
the vast availability of solar radiation is one of the key climatic factors enhancing 
the biological processes in the system. 
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Table 3.1. Average influent concentrations, loads and removal efficiencies of the 
Ucubamba WSP 

Parameter Influent Effluent Unit 
Removal 

Efficiency
% 

Discharge 1.183 m3.s-1 ‐ 

BODtotal 94.00 18.45 mg/l 80% 
CODtotal 240.73 89.82 mg/l 62% 
Total solids 524.00 330.00 mg/l 37% 
Total suspended solids 161.36 32.27 mg/l 79% 
Volatile suspended solids 104.20 26.60 mg/l 74% 
Settleable solids 3.45 0.15 ml/l 96% 
N-NH3- 9.15 13.01 mg/l - 42% 
N-Org 8.15 4.69 mg/l 42% 
N-NO2 + N-NO3 0.41 0.15 mg/l 63% 
Phosphorus 5.18 2.58 mg/l 50% 
Sulphates SO4 47.00 43.00 mg/l 6% 
Sulphides S2- 0.16 0.13 mg/l 19% 
Soluble in Hexane 27.82 10.81 mg/l 61% 

Coliforms 1.35E+07 1.43E+04 MPN/100 ml 
log3-log4 
(99.87%) 

Parasites 12.9 0.07 #/l 99.70 % 
Aluminium 1408.64 230.10 g/l 83% 
Chrome 11.25 6.67 g/l 33% 
Cupper 26.09 12.37 g/l 53% 
Nickel 19.36 16.18 g/l 17% 
Zinc 152.36 59.45 g/l 58% 
Lead 31.36 25.55 g/l 8% 
Cadmium 3.38 2.70 g/l 16% 
Arsenic 2.10 0.10 g/l 95% 
Iron 2052.00 416.00 g/l 80% 
Manganese 174.00 123.00 g/l 29% 
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Figure 3.1: Ucubamba waste stabilization pond (WSP) in Cuenca, Ecuador (2°52'21" S  
78°56'30" W).  

 

Figure 3.2: Layout of the Ucubamba waste stabilization pond (WSP).  

As observed in Table 3.1, the concentration of the organic compounds in the 
influent of the Ucubamba WSP indicates a diluted wastewater. This is mainly due 
to high drinking water consumption in the city which is approximately            
350 l.hab-1.d-1. The combined sewer system in the city of Cuenca, which has a 
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historic annual average rainfall of 720 mm, also contributes to the high dilution of 
the wastewater. It can also be observed from Table 3.1 that Ammonia-Nitrogen is 
being produced during the treatment process. The system is being monitored by 
online sensors located as shown in Figure 3.2. The aerated ponds contain 
dissolved oxygen sensors (circles in Figure 3.2) whereas temperature sensors are 
present in facultative and maturation ponds (squares in Figure 3.2). The influent 
and effluent of the WSP system is fully characterized two times per week and the 
discharge is continuously measured at the influent to the system and at the outlet 
of each pond. The volume, surface area, total depth and hydraulic retention time 
of the ponds are illustrated in the Table 3.2. The actual operational depth is 
around 20 to 40 cm smaller than the value indicated in Table 3.2. 

Table 3.2. Volume and Hydraulic retention time of each pond at Ucubamba WSP Ponds. 

Pond 
Aerated (A) Facultative (F) Maturation (M) 

# 1 # 2 # 1 # 2 # 1 # 2 

Volume (m3) 135,000 135,000 260,000 260,000 148,000 112,000 

Area (m2) 30,000 30,000 130,000 130,000 74,000 56,000 

Depth (m) 4.5 4.5 2.0 2.0 2.0 2.0 

HRT (days) 2.6 2.6 5.0 5.0 2.9 2.2 

3.2.2 The Aerated Pond  

Aerated pond 1 of the Ucubamba WSP Figure 3.2 is used as an exemplary case for 
a FAL system in this chapter. The pond has a depth of 4.5 m and covers 3 ha. 
The inlet consists of a submerged pipe of 1.0 m diameter located at a depth of 0.5 
m from the bottom, whereas the outlet consists of a 10 m long rectangular weir 
with a rotating gate to regulate the outflow discharge as observed in Figure 3.3. 
Both inlet and outlet locations are shown in Figure 3.4.  
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Figure 3.3: Overview of the outflow discharge structure in Ucubamba WSPs.  

The mechanical aeration is provided by 10 floating aerators fixed by mooring 
cables. Each aerator consists of an air-inducing propeller with a diameter of 32.5 
cm rotating at a nominal speed of 1,750 rpm and equipped with a 75HP motor. 
The propeller is submerged with a shaft inclined at an angle of 45 as shown in 
Figure 3.5. The propeller rotation creates a vacuum which draws atmospheric air 
through the hollow drive shaft and disperses the air into the water. The aerator’s 
location and the propeller axis orientation have been chosen in such a way to 
induce a circular flow pattern around the pond to favour the mixing conditions 
and to maximise the homogeneity of the oxygen distribution in the pond. The 
spatial location and the direction of the horizontal component of the propeller 
thrust are indicated by the arrows in Figure 3.4. Besides the oxygen transfer 
function, the aerators are also designed partially to keep the biomass in 
suspension. However, this function is moderately accomplished due to the vast 
volume of the pond, an issue that will be further discussed in section 3.3.5. 
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Figure 3.4: Top view of Aerated pond 1 with aerators location and in- and outlet location. 

Figure 3.5: Schematic view of the aerator components and a picture of the shaft and 
propeller 
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3.2.3 Experimental campaigns 

Two sets of experiments were executed at the WSP system to collect data for 
validating the CFD model. They are detailed in the next 2 sections. 

3.2.3.1 Velocities measurements 

The first set of experiments consisted of measurements of the x-component 
(aligned to the propeller axis) of the water velocities induced by the aerators. 
These measurements were executed by ETAPA using a water current meter which 
was located at two different depths and at two different horizontal distances from 
one aerator as described in section 3.3.2. The positioning and alignment of the 
current meter was adjusted and maintained manually using cords from an 
anchored boat. Figure 3.6 shows the current meter used and a picture of the 
measurement campaign executed by ETAPA. During this experiment, the 
operational depth of the pond was 4.1 m. The pond selected for these 
experiments was aerated pond 2 (Figure 3.4). More details of the experimental 
works are available in Abril (2012). 

Figure 3.6: Measurement campaign of velocities and current meter used . 

3.2.3.2 Tracer Study 

The second set of experimental data consisted of a tracer study to monitor the 
residence time distribution (RTD) curve. For this purpose, 3.1 kg of the dye 
tracer Rhodamine WT (0.622 kg of active ingredient) was mixed with 10 litres of 
pond water with the purpose of equalising the temperature of the liquid 
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(Broughton and Shilton, 2012). The obtained solution (0.0622 kg/kg mass 
concentration) was added as a pulse in the channel just upstream of the inlet of 
the pond. The concentration was measured at the pond outlet using a fluorometer 
with 0.4 to 400 ppb linear range of detection and excitation and emission 
wavelengths of 550nm and >570nm, respectively (AquaFluorTM, Turner 
Designs). The amount of tracer was calculated assuming that the tracer added to 
the pond becomes fully mixed in the whole volume. The tracer concentration at 
any point in the pond in such a scenario must at least be equal to the minimum 
detectable limit of the fluorometer used. The amount of tracer calculated was then 
increased by 8 times for assuring an effluent tracer concentration well within the 
range that can be accurately measured (Yanez, 1993; Shilton and Harrison, 
2003a). Previous tracer experiments at Ucubamba WSP (see chapter 4 and 
chapter 5) indicated the importance of a detailed description of the first peak of 
the RTD curve. Therefore, a first preliminary experiment was performed to 
monitor the time of occurrence of the peak. Based on the latter results, the 
experimental procedure was designed using four automatic samplers programmed 
sequentially to allow a high sampling frequency ranging decreasingly from one 
sample per minute at the start of the experiment to every 2 min at 1 hour after the 
start of the experiment, every 5 min after 2 hours, every 10 min after 10 hours, 
every 15 min after 30 hours and every hour at 56 hours until the end of the 
experiment. The latter was reached approximately seven days after the start of the 
experiment when the recovery of the dye solution exceeded 80% according to the 
calculation procedure detailed in section 2.3.2.1 The influence of the temperature 
and the natural fluorescence of the pond biomass were avoided by analysing the 
samples at a fixed temperature of 19°C and measuring the background 
fluorescence concentration for a few hours before the start of the experiment.  
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Figure 3.7: Tracer study pictures (up) Pond after injection, (left) Automatic samplers, 
(right) Fluorometer. 

3.2.4 Aerated pond operation 

ETAPA has over the years of operating the plant established some operational 
scenarios for the aerated ponds based on an analysis of the energy cost versus the 
treatment efficiency. Each scenario essentially describes a protocol of how to 
switch on/off a certain number of aerators during the time window of one day. 
Since the energy costs in the city of Cuenca are lower during the off-peak hours, 
more aerators (8 to 10) are operated during the night in contrast to only 4 to 6 
aerators during the day. For the period of the experimental tracer test, 8 aerators 
(# 1, 2, 3, 4, 7, 8, 9, 10) were continuously operating including several hours 
before commencing the experiment. 6 aerators (# 1, 2, 3, 8, 9, 10) were in 
operation (Figure 3.4) during the velocities measurements. 
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3.2.5 CFD model specificities 

3.2.5.1 Geometry and discretization 

A full-scale three-dimensional geometry model was built to represent the aerated 
pond in the software package GAMBIT 2.4 (ANSYS, USA). Special attention was 
given to the quality of the grid, which was built using hexahedral elements in the 
vast majority of the pond volume. In the regions of high turbulence (eg. inlet, 
outlet, impellers) all elements maintained an aspect ratio close to 1 to favour the 
accuracy in the solution and to boost the convergence of the model. Nested 
meshes were used in the mesh construction. The smallest elements (~ 1 cm3) were 
located in the propeller zones and the largest elements (around 2.5 m3) were built 
in the regions of lower velocities and turbulence. The total pond domain was 
divided into about 3600 subdomains resulting in approx. 1.1 million of mesh 
elements. Figure 3.8a shows a top view of the meshed aerated pond. Figure 3.8b, 
c are subsequent plots of the pond zoomed into the lower left corner until an 
aerator position is shown in Figure 3.8d illustrating the nested mesh construction 
around the impellers. 

(a) (b)

 

(c)

 

(d)

Figure 3.8: Plots of meshed aerated pond: (a) Pond’s top view, (b) lower left corner 
zoomed, (c) zoom of aeration block location (d) detailed view of aeration location. 
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3.2.5.2 CFD code and submodels used 

The CFD simulations were performed using the commercial software FLUENT 
v13 (ANSYS, USA). The mass and momentum equations, the turbulence models 
and other submodels formulation used in the present study are detailed in section 
2.4.3 and in Fluent Users Guide (ANSYS-Fluent, 2006). 

In this study, the flow pattern in the WSP was approximated by both single and 
multiphase simulations, including a comparison of both approaches. For the 
multiphase flow, the mixture model (FLUENT v.13) was chosen to represent the 
two phases, i.e. the pond liquid and the introduced air. Obviously, multiphase 
approaches demand more computational effort compared to single phase 
simulations. Therefore, in accordance to the objectives of this study, single phase 
simulations were also performed, assuming no air injection into the pond and 
merely focusing on the sole water velocity distribution in the system. 

In both approaches, the thrust produced by the propeller movement into the 
pond liquid was approximated by a momentum source expressed by velocity 
vectors applied in the same direction and magnitude. The axial momentum 
theory (which will be introduced in more detail in section 3.2.6) was used to 
calculate the velocity imparted to the liquid by the propeller in the region of 
contact between propeller blades and the liquid. A similar approach for modelling 
the propeller thrust was first reported by Wu (2010). For two-phase simulations, 
air was introduced at the lower tip of the shaft opening. Since air introduced at 
the tip disperses at the same velocity as that of the surrounding liquid, the air was 
introduced at the same velocity as that of the calculated liquid velocity.  

The liquid in the pond was assumed to be incompressible and exhibiting 
Newtonian fluid behaviour similar to water, with a density of 998.2 kg.m-3 and 
dynamic viscosity of 1.003 E-3 kg.m-1.s-1. The two stage pre-treatment of the 
WSP system (screen bars and grit chamber) maintains a relatively low 
concentration of suspended solids in the pond influent (< 100 g.m-3). The 
biological flocs present in the pond liquid have approximately the same density as 
water, which justifies the approximation of representing the pond liquid with 
properties of water.  
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The turbulence in the pond was modelled using the standard k- model. This is a 
two-equation model to account for transported variables representing the kinetic 
energy in turbulence and the scale of turbulence. This model has been widely used 
and validated in WSP modelling studies. The mathematical formulation and 
further details of the k- model were introduced in section 2.4.3.3. 

The general solver method used was the pressure-based one. A first order upwind 
scheme was used for the spatial discretization of momentum and turbulence 
equations and second order upwind for the tracer transport equation. 

For modelling the residence time distribution curve (RTD), a scalar transport 
equation of an inert solution was solved in the flow field solution obtained, using 
the species transport model (FLUENT v.13). The tracer material was assumed to 
have identical properties as the liquid in the primary phase. The exact amount of 
tracer used in the experimental test was virtually injected at time t=0; the number 
of time steps and their size during injection were calculated accordingly to 
replicate the experimental procedure as close as possible. The RTD was 
determined plotting the tracer concentration C [kg.m-3] versus time t [d] at the 
pond outlet. The mean residence time was evaluated according to the 
mathematical expressions introduced in section 2.3.2.1. 

3.2.5.3 Boundary conditions 

A velocity inlet boundary condition (BC) was assigned for both inlet and outlet, a 
symmetry BC to the top pond surface and a no slip wall BC for bottom and walls. 
When modelling two phase simulations, a degassing BC was used for the gas 
phase at the surface of the pond. The latter was accomplished by adding a user 
defined function into the CFD code. The influence of wind and temperature 
gradients were neglected as this was not the focus of the study.  

The velocity of the influent BC was assumed constant for all simulations, with a 
value of 0.89 m.s-1 which corresponds to an inlet flow of 0.73 m3.s-1 equivalent to 
63,070 m3.d-1. The WSP has automatic ultrasonic flow meters located at the 
outlet of each pond and in the channel prior to the flow splitter towards the two 
aerated ponds. Therefore, a direct flow measurement at the inlet of Aerated pond 
1 is not available. The constant velocity assumed was the average of the outflow of 
the pond obtained from the continuous system records during the 7 days of the 
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tracer experiment. The velocity time series exhibited a minimum, maximum and 
standard deviation of 0.5, 0.95 and 0.10 m.s-1 respectively. 

3.2.6 Modelling of propeller thrust 

The axial momentum theory has been widely applied to describe the 
characteristics of propeller jets (Lam et al., 2012). According to this theory, the 
efflux velocity from a propeller can be predicted by: 

v 1.59 n D C  (3-1)

where v0 is the maximum velocity at the face of the propeller [m.s-1], nrev the speed 
of rotation of the propeller [rev.s-1], Dp the propeller diameter [m] and Ct the 
thrust coefficient [-]. 

Since Ct is determined from measured performance characteristics of the 
propeller, very often this parameter value is not available (Maynord, 1990). 
Accounting for this, Blaauw and van de Kaa (1978) proposed the following 
relation: 

v 1.48
P

ρ D

.

 (3-2)

where  is the fluid density [kg m-3] and PD the applied engine power [W].  

Many researchers have reported shortfalls in the axial momentum theory and have 
proposed modifications of the equations focusing into the propeller characteristics 
and its effects in rotational and radial components of the velocity (Lam et al., 
2011). However, to date, there is still no equation available for predicting the 
velocity distribution of those secondary components (Lam et al., 2011). 

In accordance to the cited literature to describe the impeller’s thrust by means of 
the main component is a very reasonable approximation for the objective pursued 
in this study being to obtain a mathematical model for investigating multiple 
scenarios for pond aeration. Therefore, an explicit model of the propeller 
movement was not accounted for in the CFD model. Instead, the effect induced 
by the propellers in the pond water was modelled as an external momentum 
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source function applied in the same direction and magnitude (velocity vectors in 
three dimensional coordinates) in accordance to equations (3-1) and (3-2). This 
modelling approach was first validated in a stand-alone model by qualitatively 
comparing the velocities produced by one impeller with those experimentally 
measured in the pond. 

3.2.7 Scenario Analysis 

Four additional CFD simulations were performed for different scenarios based on 
the aeration schemes used (and/or possible) in the day to day pond operation. 
Table 3.3 shows the aerators in operation for each aeration scheme analysed.  

Table 3.3. Mean residence time obtained in different aeration schemes modelled in CFD 
and in experimental tracer study. 

scheme 
active aerators 

(Figure 1c) 
mean residence 

time (hours) 

No aerators  7.9 

4A 1, 3, 8, 10 17.2 

6A 1, 2, 3, 8, 9, 10 20.8 

8A 1, 2, 3, 4, 7, 8, 9, 10 22.8 

10A all 24.3 

8A - tracer study 1, 2, 3, 4, 7, 8, 9, 10 34.4 

To perform 1 day of real time simulation, around 20 days of simulation time was 
needed for each scenario, using 4 core processors on a 2.6 GHz x86_64 (64 bit 
intel), 128 GB RAM machine. 

3.3 Results and Discussion 

3.3.1 Single phase vs. two-phase CFD model 

A steady state (SS) simulation was performed initially for every scenario analysed 
until a converged solution was obtained. These were then followed by unsteady 
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simulations (US) running the model for a few hours until stable velocity and 
turbulence profiles were obtained.  

First, the performances of the CFD model simulated with single and two phase 
models were assessed. For single phase simulation the aerators produced only a 
thrust into the pond fluid, whereas in the two-phase simulation, air was injected 
at the same velocity as the propeller momentum source. In both modelling cases, 
the aeration scheme was 8A (Table 3.3), i.e. the same as the one used during the 
tracer experiment.  

Figure 3.9 depicts the velocity contours obtained by both modelling approaches 
(single phase and two-phase) at a horizontal plane located at 3.0 m depth from 
the water surface (1.1 m from the bottom).  

Figure 3.9 shows that the momentum produced by the aerators is the dominant 
force (relative to the momentum of the influent flow) dictating the movement of 
the flow in the pond. According to the velocity profiles, all the zones except the 
ones near the pond corners are directly influenced by the mixing induced by the 
aerators. This behaviour has been confirmed by visual observations of the flow 
field in the pond.  

As seen in Figure 3.9, both models behave similar in the overall distribution of 
velocity vectors. However, differences in the velocity magnitude could be 
observed. For the multiphase simulation the velocities in the peripheral zone of 
the pond were around 10% higher than those in the single phase case. In the 
central region of the pond, nevertheless, the flow paths and the magnitude of 
velocities are almost identical in both cases. At the level of the pond where air is 
injected, the injected air is dispersed by the strong impeller motion. The effect of 
air will only be seen in a small region at the top of the pond. With increasing 
depth the effect of injection will be lower, with no effect at all at the bottom 
region of the pond. Hence, the injected air only has a minor effect on the overall 
hydraulic behaviour of the models. The simulation times in both models were, 
however, drastically different. The convergence time in SS solution was 2.5 times 
higher for the two-phase case compared to the single phase case (i.e. 1.5 days 
versus 4.1 days). Considering the latter results and the objectives pursued in this 
study, only single phase simulations were pursued in the remainder of the study in 
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order to investigate the effects when applying distinct aeration schemes. This 
seems a reasonable assumption. 

  

(a) 

 

(b) 

Figure 3.9: Comparison of contours of flow velocities magnitude and vectors in aerated 
pond at 3 m depth from the top obtained in (a) single phase and (b) two-phase 
simulations. 
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3.3.2 CFD model validation 

The performance of the one phase model was validated with experimental 
measurements of the flow velocities induced by one aerator (number 2, see Figure 
3.4). Table 3.4 shows the experimentally measured velocities and those predicted 
by the CFD model. The aeration scheme used was 6A as this was the one in 
operation during the measurements. Table 3.4 indicates that the flow velocities 
induced by the aerator is qualitatively represented by the CFD model in the same 
order of magnitude. However, at both horizontal distances from the aerator, the 
vertical distribution of the velocities appears to be dissimilar. In the CFD model, 
the maximum velocity produced by the propeller thrust is located around 1 meter 
above the pond bottom, whereas the experimental velocities appear still increasing 
at the deepest point measured (50 cm above bottom). The divergence could 
indicate an underestimation of the propeller thrust in the CFD model, which 
nevertheless, could be easily adjusted to match the experimental velocities. One 
should however also bear in mind the accuracy of the experimental measurements, 
the limitation of the available theoretical assumptions of the thrust effect, the 
model oversimplification assuming single phase simulations, etc. From the latter 
reasoning, it was assumed that the CFD model is sufficiently validated against the 
experimental velocities and no major changes to the model were considered at this 
point. However, care should be taken when interpreting results and absolute 
numbers should not be taken for granted. 

Table 3.4. Comparison of velocities (m/s) measured at the pond in contrast to the CFD 
model output. 

Depth 

(m) 

Horizontal distance from impeller # 2 

4.7 m 6.3 m 

experiment CFD experiment CFD 

3.3 1.29 1.30 0.79 1.08 

3.6 1.37 0.81 1.04 0.67 
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3.3.3 CFD model vs. tracer experiment 

A comparison of the CFD model against the tracer experiments was done in terms 
of the measured RTD curves. As observed in Figure 3.10a the global distributions 
of both curves show a very reasonable agreement both in the short and longer 
terms. The CFD curve matched the peak of the curve convincingly and the lag of 
the curve is reasonably represented, despite a small deviation. Figure 3.10b zooms 
into the first two hours of the experiment showing that the first peak obtained in 
CFD modelling appears slightly sooner than in the tracer experiment. However, 
the CFD model describes very well the high magnitude short-circuiting peak as 
well as its width. This presence of a short circuit is undoubtedly affecting the 
effluent quality of the pond. The remainder of the RTD shows a consistent 
underestimation by the CFD model. Therefore, the mean residence time derived 
from the RTD curve exhibits some differences between experimental data and the 
model. Table 3.3 shows that the mean residence time obtained in the CFD model 
is around 35% lower than the tracer study. The use of the average discharge 
measured at the outlet as a constant flow at the inlet is certainly among the main 
factors affecting the overall performance of the model. Unsteady inflow BC could 
be applied in further simulations, but a continuous flow measurement would be 
needed for this purpose. Other factors possibly contributing to the deviation of 
the curves are the assumptions made in the CFD model, the approximated 
modelling of the propeller thrust, the errors induced in the experimental 
measurements at very low tracer concentrations and the environmental 
conditions. However, considering all the above, the CFD model behaves 
qualitatively comparable to the tracer experiments performed.   

The fact that the velocities at lower depths are underestimated induces that the 
tracer in the CFD model does not reach the lower layers of the pond. However, 
the positioning of the inlet pipe (0.5 m above bottom) is also contributing to the 
very low tracer concentrations found in that region. Since the outlet is at the top 
of the pond, this can have a huge impact on the RTD and can also partly explain 
the delay in the peak in the experimental RTD compared to the simulated one. 
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(a) 

 

(b) 

Figure 3.10: RTD curves obtained in tracer experiment and CFD model in Aerated 1 
pond. (a) 2 days RTD curve, (b) first 2 hours of the experiment. 
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3.3.4 Scenario Analysis 

The managers of the Ucubamba WSP have studied the performance of the system 
since its commissioning in 1999. An important parameter for the operation of the 
system has been the balance between the energy expenditure of the aerators versus 
the treatment efficiency in the aerated ponds. In this regard, as stated in section 
3.2.4, there are a number of possible operational schemes of aeration in the ponds 
which are described in Table 3.3. To assess the impact of these schemes on the 
mixing conditions in the pond, each scenario was modelled separately, obtaining 
the flow profiles and the RTD curves for all the cases. To analyse the impact of 
the inlet momentum, the pond was also modelled with all the aerators turned off. 
Figure 3.11 shows the contour and velocity vectors for each aeration scheme at a 
horizontal plane located at 3 m depth from the top. 

  

 (a) 10 aerators – scheme 10 
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 (b) 6 aerators – scheme 6A 

  

 (c) 4 aerators – scheme 4A 
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 (d) No aerators 

Figure 3.11: Contour and velocity plots for different aeration schemes (Note the difference 
in the colour bar scale for the (d) plot). 

In Figure 3.11, as expected, the momentum produced by the aerators is the 
dominant force in the mixing regime existing in the pond. In comparison, the 
influence of the inlet discharge can be considered negligible except for the case 
without any aerator on. The circular pattern produced in the exterior zone of the 
pond is very similar in the schemes 10A, 8A and 6A (Figure 3.11a, Figure 3.9a 
and Figure 3.11b respectively), showing velocities within the range 0.5 to 0.7 m.s-

1. In scheme 4A (Figure 3.11c) the velocity profile in the peripheral region appears 
to be discontinuous, exhibiting velocity fluctuations between 0.3 to 0.7 m s-1. The 
latter scheme is appropriate to analyse the influence of the thrust produced by the 
corner aerators at that depth. From Figure 3.9a and Figure 3.11a, b and c, it can 
be noticed that aerator number 8 (Figure 3.4) has minimal influence over the 
general velocity pattern in the pond.  

The velocity profiles in the centre of the pond, however, show clear differences 
among the scenarios analysed because of the thrust produced by the central 
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aerators. Obviously, scheme 10A produces the best mixing conditions of all 
scenarios tested. Nevertheless, the magnitudes present in the 8A and 6A schemes 
are also high enough for producing a good mixing profile in this region of the 
pond. 

Figure 3.9 and Figure 3.11 show regions of low velocities (< 0.25m.s-1) where 
sludge settling would appear. These zones are located mainly in the corners and in 
the centre of the pond. In schemes 4A and 6A, the sludge accumulation in the 
centre of the pond will be evidently higher. 

Figure 3.11d shows the scheme with no aerators switched on. In this case the 
short circuit is more evident and could seriously affect the effluent quality, which 
is also evident from the RTD plot shown in Figure 3.12a. 

The comparison among scenarios in terms of RTD curves for the first two hours 
of simulation is shown in Figure 3.12a and Figure 3.12b (zoomed aeration 
schemes). Schemes 6A, 8A and 10A behave almost identical along the whole 
curve. Scheme 4A and the no aerators scheme, however, perform clearly different 
compared to the other schemes. 

(a) 
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(b) 

Figure 3.12: RTD curves obtained for each aeration scheme. (a) 2 hours RTD curve 
including no aerators scheme, (b) first 1 hour of the experiment zoomed only for aerators 
schemes. 

As mentioned before, the scheme 4A shows higher velocity gradients in the 
peripheral velocities around the pond, which is explained by the relative short 
thrust magnitude produced by the corner aerators compared to the total pond 
lengths. The first peak in the 10A scheme appears slightly sooner and higher than 
the other schemes. However, the overall behaviour of the group of curves during 
the first hours of simulation is dictated by the flow occurring in the external zone 
of the pond where the 6 external aerators are located. The similarities observed 
among schemes 6A, 8A and 10A are also present in the mean residence time 
obtained in each scheme (Table 3.3). From the quantitative and qualitative 
analysis of the RTD it can be concluded that the use of the central aerators 
(numbers 4, 5, 6 and 7) is only marginally affecting the overall behaviour of the 
pond hydraulics. However, the use of those aerators could significantly modify the 
sludge settling regime of the pond, which likely affects the biological performance 
of the system. 

Without any aerators operating in the pond, the RTD peak is highest and delayed 
compared to the other schemes, which explains that most of the fluid from the 
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feed inlet is directly short-circuited to the outlet without properly mixing 
throughout the pond volume (Figure 3.11d). The peak is delayed because of the 
low circulation velocities in the absence of the working aerators.  

It is interesting to note the 30% reduction in mean residence time by switching 
from scheme 10A from 4A in comparison to the 55% reduction when switching 
from scheme 4A to no aerators (Table 3.3). Mean residence time can be used as a 
criterion to quantify the mixing in the pond. Thus, not operating aerators at all 
impairs the mixing performance of the pond, but operating 6 more aerators 
(scheme 4A to 10A) does not provide any significant improvement in mixing 
either. Operating more aerators is also not preferable from an economic and 
process point of view, as will be discussed in the following section. 

3.3.5 Oxygenation and energy consumption 

The FALs are designed to supply the required oxygen that the treatment of the 
influent wastewater demands, but not necessarily to provide the energy for 
optimal mixing conditions. The typical energy requirements for FALs, according 
to Vesilind (2003) are in the range of 1.5 to 6.0 [kW.1E3m-3]. The energy 
demands of the aerated ponds from Ucubamba WSP are from 1.7 to 4.2 
[kW.1E3m-3] (4 to 10 aerators in operation respectively).  

The aeration schemes used for the aerated ponds operation have been planned to 
supply the minimum daily oxygen requirements at the lowest energy cost. 
However, the daily starting up of some aerators scours the sludge surface layer, 
enhancing the sediment oxygen demand (SOD) several hundred times (Nameche 
et al., 1997), and thus reduces drastically the oxygen levels in the pond. This 
practice is being carefully studied during the last years by the system managers 
and new strategies and improvements will be implemented in the near future. 

A detailed comparison of the velocity profiles and the mean residence time of the 
scenarios analysed indicates that there is no major improvement in the mixing 
conditions in the pond by switching from scheme 6A to 8A and even to 10A. The 
early short-circuiting is present in all the cases with only minor discrepancies in 
the mixing regime in the centre of the pond. This short-circuiting can be avoided 
by installing baffles at appropriate locations. CFD proves to be a powerful tool for 
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evaluating the performances of pond with external mixing forces and various 
operating conditions. 

Considering the vast SOD produced by the disturbance of the surface scum layer 
by daily switching ON-OFF of the aerators, a better performance of the pond 
could be reached by maintaining continuous aeration with intermediate aeration 
scheme 6A or 8A and even 4A. The deficit of oxygen supplied in these scenarios 
could be compensated by minimizing the SOD produced by the abrupt 
resuspension of sludge. 

A proper assessment of the oxygen levels in the pond (objective not pursued in 
this study) for each scenario in the same conditions reported in this study will 
definitely help to complement the findings described here, however, the system 
records and some scattered measurements in the pond have shown that at the 
maximum aeration capacity, the oxygen levels are below 0.5 mg O2/l in the 
vicinity of the aerators (perimeter of couple of meters). In zones of the pond 
further away from the aerators the O2 levels are likely even much lower. The 
COD removal efficiency of the pond is undoubtedly being performed largely by 
anaerobic digestion. This was experimentally proven by performing respirometric 
tests which showed low activity of aerobic organisms. 

3.4 Conclusions 

 A 3D CFD model was built to analyse the hydraulic behaviour of a full-scale 
aerated facultative lagoon. The thrust produced by an air-inducing propeller 
has been approximated in the CFD model by an external momentum source 
applied as velocity vectors in the same direction and magnitude of the 
propeller thrust, behaving sufficiently similar to reproduce the RTD curve 
obtained in a tracer experiment. The model was also validated against velocity 
measurements in the pond and showed reasonable agreements. 
 

 The validated CFD model could be used as a decision support tool to test 
strategies for multi-objective optimisation of the system. The model was used 
to assess the mixing performance of distinct aeration configurations in the 
pond, showing that the aeration scheme with 4 aerators provides comparable 



Chapter 3 

75 
 

mixing conditions as that with 10 aerators in operation, and is also preferable 
process wise and economical.  

 
 Energy saving scenarios are possible by operating less aerators continuously 

without affecting the hydraulic behaviour. Continuous operation of aerators 
also keeps sludge in stable conditions and could prevent benthic respirations, 
thus ensuring better use of oxygen in the pond. 
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4 Sludge Analysis in Facultative Ponds 

Chapter 4
Sludge Analysis of a Facultative Pond
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accumulation and hydraulic performance of a waste 
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Abstract 

The sludge management in Waste Stabilization Ponds (WSPs) is essential for 
safeguarding the system performance. Sludge accumulation patterns in WSPs are 
strongly influenced by the pond hydrodynamics. CFD modelling was applied to 
study the relation between velocity profiles and sludge deposition during 10 years 
of operation of the Ucubamba WSP in Cuenca (Ecuador). One tracer experiment 
was performed and three sludge accumulation scenarios based on bathymetric 
surveys were simulated. The average sludge accumulation rate calculated was 
0.028 m3.hab-1.year-1 which shows correspondence to literature values. Analysis of 
Residence Time Distributions (RTDs) predicted by the CFD models illustrated 
the decrease of residence times due to sludge deposition. However, a mismatch 
between the RTD obtained in the tracer experiment and the CFD output was 
observed. A detailed discussion as to what could possibly cause this both from an 
experimental and modelling perspective is given. Finally, the influence of flow 
patterns on the sludge deposition was studied, enabling better planning of future 
pond operation and desludging. 
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4.1 Introduction 

Waste Stabilization Ponds (WSP) are typically applied for economical treatment 
of wastewater in areas where vast stretches of land are available. The efficient and 
effective use of WSP systems is dependent on the safe and adequate management 
of their sludge (Nelson et al., 2004). Excessive sludge accumulation affects the 
hydraulic performance by reducing the effective volume, increasing short 
circuiting and feedback loads (Abis and Mara, 2005) and therefore reducing the 
treatment efficiency. 

Past studies (Carre et al., 1990; Peña et al., 2000; Nelson et al., 2004; Abis and 
Mara, 2005; Picot et al., 2005) have measured and studied the sludge patterns 
and also evaluated the sludge production in some WSPs, reporting a wide range of 
per capita production from 0.021 to 0.148 m3 person-1 yr-1 (Mean Total Solids = 
117 kg m-3). These studies also emphasize that high temperatures enhance sludge 
degradation. However, more experimental data from different climates and pond 
configurations (inlet/outlet quantity and positioning) is needed to validate the 
sludge accumulation rates reported. 

Sludge accumulation in WSPs is not evenly distributed throughout the pond 
domain. With regard to the sludge deposition patterns, Peña et al. (2000) 
observed the strong influence of the geometry and the relative positioning of the 
inlets and outlets in the sludge deposition patterns in two experimental anaerobic 
ponds in Colombia. Nelson et al. (2004) studied three full-scale facultative ponds 
in Mexico, and found that the maximum sludge accumulation occurred near the 
single inlet and also in some of the corners (dead zones). Abis and Mara (2005) 
and Picot et al. (2005) reported a similar behaviour of sludge accumulation 
around the inlet area in three pilot scale ponds in the UK and in 19 primary 
facultative ponds in France respectively. These studies certainly confirm that the 
presence of a single inlet favours the sludge accumulation in the nearby region but 
the reasons for such behaviour were not explained in the above studies. Sludge 
accumulation patterns in WSPs, therefore, are mainly influenced by the pond 
geometry and consequently by the hydrodynamic profile. A proper understanding 
of the complex pond hydrodynamics is crucial for the sludge management in the 
pond system. 
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Mathematical models have been successfully used in wastewater treatment systems 
for both system analysis and optimization. Since the introduction of 
Computational Fluid Dynamics (CFD) models to predict the flow patterns in 
ponds by Wood et al. (1995), the interest in CFD modelling for waste 
stabilization ponds expanded rapidly, particularly in practical applications.  

A relatively large number of studies describe the usefulness of CFD models as a 
tool for assessing the system hydraulics (Peterson et al., 2000; Salter et al., 2000; 
Shilton, 2000; Vega et al., 2003; Sweeney et al., 2005; Alvarado et al., 2012b), 
and the biochemical transformation and degradation processes (Shilton and 
Harrison, 2003b; Sweeney et al., 2007). These authors also state that CFD 
models are very useful in the design of new plants and the definition of operation 
rules improving the effectiveness of existing plants. However, according to Shilton 
et al. (2008) little scientific evidence exists regarding the validation of CFD 
models on full-scale systems. CFD studies of large full-scale WSPs systems are 
only scarcely reported in literature and the study of sludge deposition patterns by 
means of CFD has not been reported so far to the author’s knowledge. Thus, the 
current study focuses on filling a knowledge gap through the assessment of full-
scale WSPs hydrodynamic behaviour by means of CFD and its subsequent 
validation with the RTD experimental data. Moreover, for the first time, an 
attempt is made at correlating the spatial and temporal (long-term) sludge 
deposition rate with the flow pattern inside the pond. 

In view of the above discussion, the objectives of the research reported in this 
chapter are threefold: (i) study the sludge accumulation rate and pattern over a 
period of 10 years in a large scale (13 ha) facultative pond, (ii) evaluate the 
hydraulic efficiency of three different scenarios of sludge accumulation in the 
pond by means of RTD analysis, and (iii) analyse the relationship between the 
flow profile in the pond and the sludge distribution pattern by means of 3D CFD 
modelling. 
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4.2 Methods. 

4.2.1 Description of the Facultative Ponds Studied 

The Ucubamba WSP (described in section 3.2.1) is the biggest wastewater system 
in Ecuador. The system is in operation since 1999 by the Municipal Company 
ETAPA (Empresa Pública Municipal de Telecomunicaciones, Agua Potable, 
Alcantarillado y Saneamiento de Cuenca, Ecuador). The average influent loads 
during the first 10 years of operation are: COD = 23,900 kg day-1; TSS = 15,550 
kg day-1. No sludge removal work has been executed to date. The original plan for 
desludging the system was to mechanically remove the sludge by emptying and 
drying one treatment line at a time at 5 years interval. However, after 5 years of 
operation, this plan was reconsidered as it would cause an organic overload to the 
second treatment line for several months, having a detrimental effect on the 
receiving water body (Cuenca river). Consequently; the desludging strategy was 
interchanged by on-line "under water" sludge processing through dredging and 
dehydrating.  

The present study focused on the Facultative F1 (see Figure 3.2) pond in which a 
full tracer experiment was performed. The inlet/outlet of this pond consists of a 
submerged pipe of 0.9 m diameter lying at the bottom of the 1.8 m deep pond 
and an overflow structure of 10 m long (Figure 4.1a). The pond dimensions are 
illustrated in Figure 4.1b. 

 

(a) (b) 

Figure 4.1. (a) Side view of inlet/outlet location at the pond, (b) Full dimensions of 
Facultative F1 pond. 
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4.2.2 Tracer experiment 

A tracer study was conducted in Facultative pond F1 during the driest season of 
the year 2010 to minimize the influence of rainfall on the variability of inflow 
effluent water. 4.916 kg (0.98 kg of pure substance) of the tracer Rhodamine 
WT, was mixed with 10 litres of pond water (0.098 kg/kg of tracer concentration) 
and added as a pulse in the channel upstream of the inlet of the facultative pond 
in order to minimize the effect of thermal stratification. The fluorescence 
concentration in pond samples was measured using an AquafluorTM Fluorometer 
(http://www.turnerdesigns.com), a lightweight handheld instrument for 
fluorescence and turbidity measurements in-situ. The measuring device has a 
minimum detection limit of 0.4 ppb. Water samples were collected using an 
ISCO Automatic Sampler 6712 (http://www.isco.com). Sampling frequency was 
5 minutes until the first peak of the tracer was observed, and then was gradually 
reduced to 60 minutes until 90% of the tracer was recovered, i.e. after 20 days. 
The samples were analysed at a fixed temperature of 18C using a thermal bath. 
The influence of natural fluorescence of algal biomass was controlled by 
measuring the background fluorescence concentration during several hours before 
the start of the test (Valero and Mara, 2009). 

4.2.3 Sludge measurement 

Five full bathymetries of the system were performed by ETAPA during 11 years of 
operation and analysis of the sludge composition was performed at a few 
locations. In this study, three bathymetries (those most equally spaced in time, i.e. 
2002, 2005 and 2009) are investigated. Figure 4.2 depicts the three sludge 
distributions derived from the bathymetry data. The latter measured the height of 
sludge with respect to the water level in 51 grid points within the pond domain. 
The points were selected to provide an even distribution in the pond, only 
assigning a denser grid in the region close to the inlet. The manual measurement 
technique comprised of measuring the sludge height using a graduated chord and 
a dredge which could locate the top of the condensed sludge deposit at each grid 
location from an anchored boat. Using this procedure, only the consolidated 
sludge deposit was accounted for (minimum solids mass fraction measured at the 
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deposit = 13.3 %) which did not include the sludge in suspension (Durazno, 
2009a). 

The three-dimensional surface profiles of the sludge distribution shown in Figure 
4.2 were created directly from bathymetry data. A grid of 6m was created in each 
direction by the point kriging method (Cressie, 1991) with no smoothing post 
processing. The total sludge volume was calculated by integration using Simpson's 
interpolation rule to reconstruct the sludge surface. The per capita sludge 
production was calculated by dividing the sludge volume by the population served 
and the time of operation at each bathymetry. The sludge accumulation rates were 
calculated by dividing the sludge volume by the pond area and operation time. 

 

(a) 
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(b) 

 

(c) 

Figure 4.2. Sludge accumulation in Facultative F1 pond in the Ucubamba waste 
stabilization pond, corresponding to: a) March 2002, b) July 2005, c) February 2009 (note 
the difference in scale between the figures). 
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4.2.4 CFD Modelling 

The process to build a CFD model of any fluid reactor starts with the geometric 
description of the reactor and then a finite mesh representation of that geometry. 
The variety of the software available to create geometries and grids and also the 
ability of the users to balance the accurateness of the solution and the 
computational load could introduce dissimilarities in the result of the same 
physical problem studied in CFD. Basically, there is no formal way of detecting 
these divergences; therefore a validation of the outputs is required nowadays in 
CFD modelling. The use of experimental data and a systematic search for grid 
independency forms an essential part of high-quality CFD studies (Sah et al., 
2012). In large pond reactors with no external source of momentum, there exists a 
combination of high turbulence conditions at the inlet(s) region(s) and laminar 
flow regime in the vast zones of low velocities in the ponds. The latter leads 
modellers to assign a more detailed geometric description using a larger number of 
finite elements in the high turbulence zones of the pond whereas larger elements 
are typically used in the low velocity zones of the pond.  

In the present study, the three dimensional geometry and grid representation of 
the pond was built in the software package GAMBIT 2.3 (ANSYS, USA). Three 
different geometries/meshes were created corresponding to each sludge 
accumulation scenario. For the scenario 1999 (no sludge accumulation), the pond 
was initially divided in 26 volumes in order to assign a high density of elements to 
the inlet and outlet regions and then assign progressively coarser grid elements to 
the rest of the pond volume, resulting in 102,200 quadratic grid elements as seen 
in Figure 4.3.  

The presence of sludge was accounted for by removing the corresponding volume 
of the pond where sludge accumulation had been measured as detailed in the 
bathymetries shown in Figure 4.2a, b and c. Therefore, a progressively smaller 
pond volume resulted for later scenarios in time. The grid construction for those 
subsequent scenarios followed the same procedure detailed previously, resulting in 
denser grid regions near inlet/outlet and coarser grids for the vast majority of the 
pond domain (nested grid construction around the inlet and outlet). The number 
of quadratic 3D grid elements were respectively 102,000 for the scenario 2002; 
98,900 for 2005; and 88,200 for 2009. Figure 4.3 shows a detail of the meshing 
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of facultative pond 1 (scenario 1999) and highlights the strategy used for meshing 
at high turbulence regions.  

 

Figure 4.3. 3D meshing of Facultative pond 1 (scenario 1999) and a detail of the nested 
meshing around the inlet 

Three dimensional single phase CFD simulations were performed for facultative 
F1 pond using the commercial software FLUENT v13 (ANSYS, USA). For the 
unsteady CFD simulations, the fluid in the pond was assumed to be 
incompressible and exhibiting Newtonian fluid properties of water with a density 
of 998.2 kg m-3 and a dynamic viscosity of 1.003 E-3 kg m-1 s-1. 

The concentration of suspended solids in the pond, in the order of 30 mg/l 
according to the system characterizations (Durazno, 2009b) is assumed not to 
affect these fluid properties. The turbulence was modelled using the standard k- 
model using the following model constants: C1=1.44, C2=1.92, C=0.09, 
k=1.0,  =1.3, Dispersion Prandtl number=0.75. Further details about the CFD 
model parameters used are described in the MSc. Thesis from Sanchez (2011) 
which is available in Spanish. 

A constant velocity of 0.94 m s-1 was applied as inlet boundary condition for the 
unsteady flow solution in the pond, while a transient inlet velocity profile 
(obtained from system operational records SCADA) was used for the tracer 
transport simulation, which accordingly calculates the inlet turbulent boundary 
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condition (ANSYS-Fluent, 2006). An outflow boundary condition was assigned 
at the outlet, a symmetry condition at the surface of the pond and all other 
surfaces were modelled as walls. The effect of wind and temperature gradients was 
neglected. The tracer residence time distribution (RTD) analysis (Levenspiel, 
1999) was performed by imposing a transient simulation of tracer as a scalar on 
the velocity and turbulent fields obtained from the flow simulation. The dynamic 
advection of the tracer species, having identical properties as the fluid in the 
primary phase, has been considered for these simulations. The species transport 
model in Fluent v.13 was used for the determination of the RTD (Vedantam et 
al., 2006). 

4.3 Results and Discussion 

4.3.1 Sludge accumulation rates 

Table 4.1 shows the sludge accumulation rates obtained from the bathymetries in 
the Facultative F1 pond. The values of accumulation rates obtained are similar to 
those obtained in previous studies in Mexico, Brazil, Colombia and France 
(Nelson et al., 2004). However, it is stressed that the values reported in this study 
correspond to a secondary Facultative pond, where lower values of suspended 
solids and consequently lower values of sludge would be expected compared to the 
primary Facultative and Anaerobic ponds reported by Nelson et al. (2004). Table 
4.2 shows the sludge accumulation rates reported in different pond systems in the 
literature in comparison to the obtained in this research. 

The accumulation rates in the pond (Table 4.1) tend to slightly increase. The 
latter could be explained by the decrease of treatment effectiveness due to the 
volume reduction and by hydrodynamic factors which will be addressed further. 
According to these calculated rates, and assuming they remain approximately 
constant, the sludge could reach up to 34% of the pond volume in 2012 (when 
the sludge removal is planned). Besides the influence on the hydraulic behaviour, 
the elevated sludge deposit in some regions of the pond has other implications for 
the system such as (1) presence of odour problems due to occurrence of anaerobic 
processes, (2) the growth of undesirable vegetation in the more shallow pond 
regions, (3) the presence of floating sludge masses (buoyed up by anaerobic gasses) 
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that tend to accumulate in the corners by wind influence and (4) an aesthetic 
deterioration of the system observed in some locations. 

Table 4.1: Sludge accumulation figures in Facultative F1 pond 

Bathymetry 
March 
2002 

July 
2005 

February 
2009 

Operational periods (years) 2.3 5.7 9.3 

Sludge volume accumulated (m3) 10196 29850 50186 

Sludge volume / total volume (%) 4.5 13.4 22.3 

Sludge max thickness (m) 0.34 1.06 1.32 

Accumulation rates 
m3 hab-1 year-1 0.028 0.030 0.026 

mm year-1 33 40 41 

Sludge production /      
COD – TSS removed 

m3 TonCOD
-1 2.29 2.77 2.73 

m3 TonTSS
-1 3.07 3.41 3.31 

 

Table 4.2: Sludge accumulation rates from several pond systems reported in the literature. 
Adapted from Nelson et al., (2004). 

Pond location Pond type 
Operatio
n period 

(year) 

Accumulatio
n rates 

Reference m3 
hab-1 
year-1 

mm 
year-1

Mexicaltzingo 
(Mexico) 

Anaerobic 5 0.022 119 Nelson et al., 2004 

San Jose 
(Mexico) 

Facultative 6 0.036 21 Nelson et al., 2004 

Texcoco 
(Mexico) 

 

Facultative 

 

10 

 

NA 

 

21 

 

Nelson et al., 2004 
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Pond location Pond type 
Operatio
n period 

(year) 

Accumulatio
n rates 

Reference m3 
hab-1 
year-1 

mm 
year-1

Xalostoc 
(Mexico) 

Facultative 15 0.021 19 Nelson et al., 2004 

Ginebra 
(Colombia) 

Anaerobic 2.6 0.055 NA Peña et al., 2000 

Ginebra 
(Colombia) 

Anaerobic 5 0.040 NA Peña et al., 2000 

SE (Brazil) Anaerobic NA 0.023 77 Nelson et al., 2004 

SE (Brazil) Anaerobic NA 0.026 53 Nelson et al., 2004 

France 12 Facultative 3-10 0.12 15-85 Carre et al., 1990 

France 19 Facultative 12-24 
0.04 – 
0.148 

10-27 Picot et al. 2005 

Cuenca 
(Ecuador) 

Facultative 11 0.028 38 This study 

Concerning full scale systems, the desludging operations have been economically 
studied by Picot et al. (2005) in 19 ponds in France concluding that “under 
water” desludging is around 50% more expensive than sludge removing after 
emptying the pond. However, it was stressed that local constraints definitely 
influence the choice of desludging procedure. In the particular case of Ucubamba, 
the pollution sensitivity of the receiving water body and the suitable site for 
punctual sludge disposal were among the factors for choosing the “under water” 
strategy. The good knowledge of the sludge deposition behaviour is therefore 
crucial for the programming of the future activities in the system in this regard. 

4.3.2 Tracer Experiment vs. CFD 

Figure 4.4 shows the comparison between the RTD curves obtained from the 
tracer experiment conducted in the year 2010 and the CFD simulations 
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corresponding to sludge accumulation patterns for the respective years 1999, 
2002, 2005 and 2009. The behaviour of the CFD curve, as pointed out by 
Levenspiel (1999) is typically observed in vessels exhibiting a strong recirculation 
pattern.  

 

Figure 4.4. Concentration curves obtained in the CFD-RTD analysis of distinct sludge 
scenarios and in tracer experiment. 

The RTD curve from the tracer experiment (corresponding to year 2010) is to 
some extent comparable with the CFD-RTD curve in the pond with no sludge 
accumulation (corresponding to year 1999). The CFD results are significantly 
affected by the approximated modelling of the sludge accumulation profiles 
consequently affecting the geometry of the pond. The internal geometry has a 
major impact on the RTD. Table 4.3 summarises the quantification of the 
goodness of fit in terms of Sum of Squared Errors (SSE) and Relative Absolute 
Errors (RAE) of every sludge scenario modelled. As observed, the CFD results are 
significantly different than experimental values, except for the scenario 1999 (no 
sludge accumulation).  
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Table 4.3: Sum of Squared Errors (SSE) and Relative Absolute Errors (RAE) between the 
sludge scenarios and the experimental data. 

Parameter 1999 2002 2005 2009 

Relative Absolute Error (RAE) 0.98 2.75 3.75 4.06 

Sum of Squares Error (SSE) 0.30 4.66 7.70 13.03 

The peaks observed in all CFD results are not visible in the single experimental 
time series. However, the model behaviour, given the assumptions adopted (e.g. 
neglecting wind effects), makes sense and can be explained as follows. The 
reduction of volume in the region of the main dominant flow direction from inlet 
to outlet induces an increase of the velocity in that region and therefore an 
increase in magnitude and earlier occurrence in time of the peaks in the RTD 
curve.  

Apart from the first peak, although the match is not perfect, the remaining part of 
the RTD is reasonably predicted by the CFD model. The mismatch between data 
and model can have several causes which can either be related to the 
measurements or the model and its assumptions. It was beyond the scope of this 
work to figure out in detail what the underlying reason was. This is mainly 
because the simulations are very demanding (1 simulation takes about 2 weeks of 
computation) and this objective in itself would be a substantial part of a separate 
PhD. However, a discussion on several possible causes is given here which could 
serve as basis for further research directions. 

Tracer experiments in large pond geometries present several limitations. The 
natural variability of the weather conditions could significantly affect the 
repeatability of those experiments in the large facultative ponds. This is the case of 
the Ucubamba WSP system. A more detailed description of the tracer movement 
through the pond (besides the outlet concentration) could certainly be valuable 
data for the further validation of CFD models, but also indicate where the model 
is potentially wrong (due to certain assumptions). The experimental methodology 
proposed by Broughton and Shilton (2012) by means of tracer distribution maps 
appears very promising in this regard. However, this methodology demands much 
more time and resources. Velocity measurements at some locations inside the 
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pond will also indicate whether direction and magnitude of velocities are in the 
right estimation and, therefore, could be used for quantitative and/or qualitative 
validation of the CFD models. 

On the other hand, while setting up the CFD model, several assumptions had to 
be made that might potentially impact the obtained prediction. Among these are: 
mesh type and resolution, modelling the wastewater as a single phase with 
physical properties of water, assumption of constant inlet conditions, the 
approximate geometry of the bathymetries included in the model, single or 
multiphase model, turbulence model and parameters values, time step of the 
dynamic model. Keeping in mind the demanding computational resources, a 
mesh independence study should be a good starting point for further studies.  

A major impact in the results can be obtained when dynamic wind profiles are 
introduced as boundary condition when modelling large pond geometries (Lloyd 
et al., 2003; Meneses et al., 2005; Badrot-Nico et al., 2010). In Ucubamba WSP, 
the wind is clearly influencing the mixing profile in the facultative ponds. In the 
aerated and maturation ponds of the system, however, this effect is rather low. 
The location of the facultative ponds (with less protection of the surrounding 
trees) makes these ponds more exposed to wind effects compared to the other 
ponds. Wind directions in Ucubamba are not being recorded. The operators have 
reported lots of variation in magnitude and direction of wind in the system and 
only a slightly prevalent wind against the flow direction which contributes to 
mixed flow behaviour according to Lloyd et al., (2003).  

The incorporation of dynamic wind profiles in large CFD pond models is still a 
challenge due to the resources needed to capture accurate data profiles and the 
vast demand of computational resources in the modelling phase. A single fixed 
wind vector as boundary condition could be valid where dominant wind 
directions are present. However, this is certainly not the case in Ucubamba WSP. 
Installation of a wind metering device would be a good investment. 

In summary, the CFD model presented in this chapter needs further thorough 
validation before it can be used with trust. However, a first attempt to model this 
complex system was successfully made and suggestions were formulated as to 
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which direction further research should evolve in both from an experimental and 
modelling point of view. 

4.3.3 RTD Analysis 

Table 4.4 depicts the mean residence time obtained for each scenario of sludge 
accumulation. As expected, the mean residence times have decreased over the time 
of operation. The reduction is comparable to the respective volume reduction 
which has risen up to 27% in 11 years of operation. Note that the theoretical 
retention time of Facultative pond 1 is 5.0 days.   

Table 4.4: Mean residence time ( ̅) obtained for each scenario of sludge accumulation 
(theoretical residence time = 5 days)   

 Scenario 

 1999 2002 2005 2009

t ̅(days) 2.94 2.50 2.32 2.05 

4.3.4 Liquid Flow Pattern by CFD 

Figure 4.5 shows the liquid flow pattern obtained at different depths in the pond 
for the scenario 2005. This suggests a short circuit and a strong circular pattern of 
the tracer around the pond which is typical for this type of hydraulic systems 
without baffle structures (Shilton et al., 2008). Moreover, the influence of the 
inlet is particularly strong along the whole depth. It can also be noticed that the 
velocity distribution has no noticeable changes along the upper half of the pond 
(Figure 4.5 a, b and c). Finally, the presence of tiny dead zones near the inlet and 
a major dead zone in the centre of the pond are noteworthy. 
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 a) 1.80 m (pond surface) 

 

 
 b) 1.30 m

 

 
 c) 0.90 m

 

 
 d) 0.50 m
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 e) 0.10 m

Figure 4.5.  Comparison between velocity profiles at different depths (with pond bottom 
as reference) of the F1 pond (scenario 2005). 

4.3.5 CFD Sludge Accumulation Analysis 

It was found that velocity distribution profiles did not change considerably 
despite the sludge accumulation, all exhibiting a circular flow pattern (Figure 4.6 
a, b, c). The inter-dependence of flow pattern and sludge accumulation pattern is 
further analysed in Figure 4.6.  
 

 

(a) 

  velocity profile 1999

 

 

  sludge accumulation 2002 
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(b) 

 

  velocity profile 2002

 

 

 

  sludge accumulation 2005 
 

(c) 

 
  velocity profile 2005 
 

 

 
  sludge accumulation 2009 

Figure 4.6. Comparison between velocity profiles (at mid depth) and sludge accumulation 
scenarios in Facultative F1 pond in the Ucubamba waste stabilization pond. 
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As the sludge moves through the pond, the solids present in the sludge settle and 
accumulate. The settling pattern of the solids (viz. the settling velocities, 
directions and locations of settlement) is influenced by the sludge flow. As the 
sludge accumulates over time, it changes the internal topology of the pond and in 
turn affects the flow pattern.  

Given the presence of only one small inlet pipe at one corner of a huge pond, it is 
obvious that considerable sludge deposits are found near the inlet region. The 
maximum vertical liquid velocities at the inlet region were in the range of 0.5 
cm/s downward and almost zero in the rest of the pond. The solid particles are 
carried to some distance with the fast moving inlet liquid. Hence, these particles 
tend to settle down at some distance away from the inlet where the liquid 
velocities are low or zero. The downward velocities near the inlet further enhance 
the settling of solids. This behaviour is in agreement with previous studies, Nelson 
et al. (2004), Abis and Mara (2005) and Picot et al. (2005). 

It is important to note the presence of vortex like structures with very low 
velocities, dead zones, in this region. Most of the settling occurs in these dead 
zones giving rise to high sludge accumulation peaks. The presence of these sludge 
peaks near the inlet region can be seen in Figure 4.6 a, b and c. The sludge 
particles have a tendency to settle near the inlet zone (Schneiter et al., 1983; Abis 
and Mara, 2005; Picot et al., 2005), but as the topology of the pond changes with 
time due to accumulation, the sludge is expected to start accumulating in the 
bigger central dead zone as well.  

Figure 4.7 shows the velocity profile obtained in the CFD simulation of the 
sludge accumulation scenario of 2009. Based on the previous results and 
discussion, Figure 4.7 can be used to predict the future sludge accumulation 
profile, where the sludge deposits will increase in the central zone and where new 
sludge deposits could appear, i.e. near the bottom left region of the pond. 
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Figure 4.7. Velocity profile at mid-depth height of sludge accumulation scenario in 2009.  

Since the sludge removal in the system will be a continuous process, the future 
topology of the sludge deposit will matter in this process. Since the inlet is the 
only source of momentum provided, it definitely dictates the flow and the sludge 
deposition profile in the pond. Changing the inlet conditions, viz. providing 
multiple inlets, changing inlet geometry, configuration or velocity will lead to 
different hydrodynamic patterns as seen in the comparative study reported by 
Nelson (2004). To favour the even distribution of the sludge, multiple inlets 
could certainly help, however the use of baffles can be a more economical option. 
CFD proves to be a valuable tool to aid in the design of such systems to evaluate 
the effect of various geometries and process conditions. The use of CFD models 
for testing the distinct effects of multiple inlets or presence of baffles will be very 
useful and needs further exploration, e.g. by explicitly modelling the sludge 
transport which was not pursued in this study. 

4.4 Conclusions 

 The sludge accumulated in the Facultative F1 pond of the Ucubamba WSP 
showed a similar behaviour to other pond systems reported in literature 
with regard to the strong influence of the single inlet in the deposition 
pattern on the pond. The accumulation rates calculated from the 
bathymetric surveys are similar to the rates reported in previous studies. 

 The CFD model has demonstrated its usefulness in the evaluation of the 
hydrodynamic performance of a system affected by large sludge 
accumulation and to analyse the sludge accumulation pattern in relation 
with the hydrodynamic footprint of the pond. It was shown that the RTD 
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was affected. This will also lead to a different spatial model definition when 
combined with a bioprocess model. 

 The CFD model of the facultative ponds of Ucubamba WSP still needs to 
be properly validated. The specificities of the CFD model set up need 
further exploration. The measurement of dynamic wind records in the 
system and more intensive and sophisticated experimental procedures are 
highly recommended for future research. However, the CFD model built 
can be used to understand the flow pattern of the WSP qualitatively. 

 A CFD model can potentially be used in the planning stage of a system, for 
testing future scenarios of critical sludge accumulation and to prevent 
therefore the formation of uncontrolled anaerobic zones.  
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5 Developing compartmental models for simplified description of WSP hydraulics 

Chapter 5
Developing compartmental models for 

simplified description of WSP hydraulics
 

Redrafted after: Alvarado, A., Vedantam, S., Goethals, P. and Nopens, 
I. (2012) A compartmental model to describe 
hydraulics in a full-scale waste stabilization pond. 
Water Research 46(2), 521-530. 
 

Abstract 

The advancement of experimental and computational resources has facilitated the 
use of computational fluid dynamics (CFD) models as a predictive tool for mixing 
behaviour in full-scale waste stabilization pond systems. However, in view of 
combining hydraulic behaviour with a biokinetic process model, the 
computational load is still too high for practical use. This chapter presents a 
method that uses a validated CFD model with tracer experiments as a platform 
for the development of a simpler compartmental model (CM) to describe the 
hydraulics in a full-scale maturation pond (7 ha) of a waste stabilization ponds 
complex in Cuenca (Ecuador). 3D CFD models were validated with experimental 
data from pulse tracer experiments, showing a sufficient agreement. Based on the 
CFD model results, a number of compartments were selected considering the 
turbulence characteristics of the flow, the residence time distribution (RTD) 
curves and the dominant velocity component at different pond locations. The 
arrangement of compartments based on the introduction of recirculation flow rate 
between adjacent compartments, which in turn is dependent on the turbulence 
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diffusion coefficient, is illustrated. Simulated RTD’s from a systemic tanks-in-
series (TIS) model and the developed CM were compared. The TIS was unable to 
capture the measured RTD, whereas the CM predicted convincingly the peaks 
and lags of the tracer experiment using only a minimal fraction of the 
computational demand of the CFD model. Finally, a biokinetic model was 
coupled to both approaches demonstrating the impact an insufficient hydraulic 
model can have on the outcome of a modelling exercise. TIS and CM showed 
drastic differences in the output loads implying that the CM approach is to be 
used when modelling the biological performance of the full-scale system.  

5.1 Introduction 

Waste Stabilization Ponds (WSPs) are known for economical treatment of 
wastewater in places where vast stretches of land are available. However, there is 
still room for optimizing these systems from a performance perspective in terms of 
effluent quality and energy consumption. In order to allow optimization, a better 
process understanding is needed, which can be achieved by using mathematical 
models. In large systems with sufficiently high residence time, the hydraulic 
behaviour becomes less important compared to systems like Ucubamba WSP, the 
system studied here, with small residence time and where short-circuiting is 
clearly observed. Hence, the hydrodynamics of these systems should be modelled 
thoroughly in conjunction with biochemical process models. 

In order to approximate mixing behaviour in reactors (some point between plug 
flow and completely mixed flow) without using the advection-dispersion partial 
differential equation, two classical systemic approaches can be used, i.e. the 
dispersion model or the tanks-in-series (TIS) model. The use of dispersion model 
in systems with large backmixing is questionable (Levenspiel, 1999) and, 
moreover, it does not account for stagnant or dead zones (Polprasert and 
Bhattarai, 1985). The TIS model has the advantage of being simple and, hence, 
not very computationally demanding and has been widely applied when 
modelling e.g. activated sludge wastewater treatment systems. However, this 
simplicity is also its major limitation. TIS models describe fluid flow in only one 
direction and can only account for some back-mixing by maintaining the liquid 
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longer in the system, adjusting the backmixing rate (Le Moullec et al., 2010). 
Recirculation fluxes, which in some systems (like the WSPs under study here) 
become very important, cannot be properly represented with TIS. The major 
issue with systemic models is that, when combined with a biokinetic model, the 
flaws in the mixing model will be “calibrated” by using degrees of freedom of the 
biokinetic model which is bad modelling practice. Indeed, the latter will reduce 
the predictive power of the model and renders it useless in any subsequent 
optimization study. 

Since the introduction of the potential of Computational Fluid Dynamics (CFD) 
models to predict the flow patterns in ponds by Wood et al. (1995), the interest 
in CFD modelling for WSPs has grown particularly for practical applications. In 
this sense, there are a number of studies describing the usefulness of CFD models 
as a tool for design improvement and hydraulic assessment (Wood et al., 1998; 
Peterson et al., 2000; Shilton, 2000; Vega et al., 2003; Karteris et al., 2005; 
Shilton and Mara, 2005b; Sweeney et al., 2005). Nevertheless, Shilton et al. 
(2008) shed light upon the limited scientific contributions existing with regard to 
the proper validation of CFD models against experimental data in full-scale 
systems. It was concluded that the computational resources are the main 
constraint, especially if the ultimate objective of the modelling is the 
incorporation of biochemical reactions. 

An intermediate solution between TIS and full-fledged CFD are so-called 
compartmental models (CM). A CM consists of a number of compartments Ci of 
volume Vi in more than one dimension and in which a recirculation flow Qri 
from compartment Ci+1 to Ci occurs, along with the forward flow. Since the first 
successful efforts reported to create a CM based on CFD turbulence analysis for 
mixed chemical reactors by Alexopoulos et al. (2002) and Alex et al. (2002), 
several contributions at pilot-scale have been reported, including approaches for 
mixing reactors by Rigopoulos and Jones (2003), Bezzo et al. (2004), Kougoulos 
et al. (2005), Guha et al. (2006), Vakili and Esfahany (2009); and also for 
continuous flow reactors by Gresh et al. (2009) and Le Moullec et al. (2010). In 
these previous efforts, the aggregation criteria for compartmental arrangement still 
appears to be dependent on the physical interpretation of every system. However, 
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a better agreement exists in relation to the estimation of recirculation flow rate 
between adjacent compartments from the turbulent diffusion coefficient. CMs 
were even proposed for activated sludge systems but were, at that time, subject to 
overparameterisation (De Clercq et al., 1999). However, the latter can be solved 
by using a validated CFD model to determine these parameters. In this study, a 
complete approach is detailed for a full-scale WSP system. The aim of this paper 
is threefold: i) analyze the flow characteristics in a WSP using a tracer study, ii) 
develop and validate a CFD model with data obtained from the tracer study, and 
iii) develop a methodology that uses the CFD model predictions to build a 
compartmental model. In a broader perspective, this compartmental model 
highlights the influence of strong recirculation patterns typically observed in pond 
systems, on the overall flow behaviour and the impact on system performance 
when adding a biokinetic model.  

5.2 Methods 

5.2.1 The Maturation pond studied  

The Ucubamba WSP system is fully described in section 3.2.1 of chapter 3. The 
maturation pond, used for the development of the methodology in this chapter, 
has a surface area of 7 ha and a depth of 1.8 m. The inlet/outlet of the pond 
consists of a submerged pipe of 0.9 m diameter and an overflow structure of 10 m 
length, respectively as shown in Figure 5.1a. The full dimensions of Maturation 
pond 1 are shown in Figure 5.1b. 

The bathymetries executed showed only a slight sludge layer growth in the 
maturation ponds (less than 1% over the total pond volume and 10 cm max. 
elevation in few locations) which was assumed negligible with respect to the pond 
hydraulics. 
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(a) (b) 

Figure 5.1: Layout of the Maturation pond 1 of Ucubamba waste stabilization pond.  

5.2.2 Tracer Study 

A tracer study was conducted in Maturation pond 1 to monitor the residence 
time distribution (RTD). The tracer campaign was conducted in this research and 
is detailed in the bachelor’s thesis of Espinoza and Rengel (2009). The data 
obtained served as the validation data for the CFD model developed for the pond. 
1.65 litres (20% pure substance) of the dye tracer Rhodamine WT, was mixed 
with 5 litres of pond liquid to minimize the effect of thermal stratification. The 
resulting solution (0.074 kg/kg mass concentration) was injected in the inlet and 
measured at the outlet (stimulus-response technique) using a fluorometer 
(Aquafluor, Turner Designs) which has a minimum detection limit of 0.4 ppb. 
The samples were collected using an automatic sampler. The sampling frequency 
was once per 15 min before the first peak appeared and was decreased up to once 
per 60 min until the tracer recovery exceeded 90%, which was observed after 30 
days. The samples were analysed at a fixed temperature of 19°C and the influence 
of the algal biomass present in the pond was investigated by measuring the 
background fluorescence concentration during a couple of hours before starting 
the test to avoid unrepresentative hydraulic characteristic results as suggested by 
Valero and Mara (2009).  

5.2.3 CFD Modelling 

Due to the relative positions of the inlet and outlet (submerged pipe lying at 
bottom and overflow structure respectively) a 2D CFD model, which could save 
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considerable computational time, was not possible for this pond system. 
Therefore, three dimensional CFD simulations were performed for maturation 
pond 1 (Figure 5.1) by using the commercial software FLUENT 6.3 (ANSYS, 
USA). A finite volume method was used dividing the computational domain into 
75,000 quadratic grid elements. In order to account for the flow disturbances due 
to the small inlet and outlet regions as compared to the full pond, a denser grid 
was used in these regions as well as the pond corners, where dead zones could 
likely develop. Increasing the grid density in the remainder of the pond did not 
affect the predicted flow field. The latter was based on grid dependency 
simulations. Hence, in order to have a feasible computational expense, this grid 
size of 75,000 elements was maintained for the simulations of flow as well as 
determination of the RTD. The three-dimensional mass and momentum 
equations and the scalar transport equation for the transport of the Rhodamine 
dye are shown in section 2.4.3 of the present manuscript. 

The fluid in the pond was assumed to be incompressible and exhibiting 
Newtonian fluid behaviour with a density of 998.2 kg.m-3 and dynamic viscosity 
of 1.003 E-3 kg.m-1.s-1. These could be considered realistic; assuming the 
concentration of suspended solids in the pond (typically of the order of 30 mg/l) 
does not significantly affect the fluid properties. The turbulence in the pond was 
modelled using the k- model. This is a two-equation model to account for 
transported variables representing the kinetic energy in turbulence and the scale of 
turbulence. This model has been shown previously in literature to be useful for 
free-shear layer flows with relatively small pressure gradients. Similar to the case of 
wall-bounded flows or internal flows, this model holds good for cases where the 
mean pressure gradients are not too adverse. The model equations are detailed in 
section 2.4.3. 

The influence of wind and temperature gradients was neglected. Moreover, in 
order to initiate the strategy for building the compartmental model, it was 
thought advisable to limit the computational expense. As will be shown in the 
results section, the flow fields obtained at various vertical heights yielded nearly 
the same pattern, being of the same magnitude. Hence, it was decided to neglect 
the vertical diffusion which also simplifies the compartmental model. For the 
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simulation of the tracer test, it was assumed that the tracer species had identical 
properties as the fluid in the primary phase, i.e. water. The species transport 
model was used for the determination of the RTD at the outlet of the pond. The 
latter is obtained by plotting the tracer concentration versus time at the pond 
outlet (Vedantam et al., 2006). The tracer is injected at time t=0 for one time step 
giving a species mass fraction of 1 and then is reset to 0 for the second and 
following time steps. 

5.2.4 Tanks-in-series modelling (TIS) 

The systemic tanks-in-series model (TIS) was built as the simplest approach to 
model a dispersion flow with the capability to be coupled with any kinetic model 
(Levenspiel, 1999). The number of compartments (n) was evaluated according to 
some statistical properties of the RTD obtained from the CFD model:  

̅
1 (5-1

where, t ̅represents mean residence time [d], and σ  the variance of the RTD [d2]. 
From the knowledge of the process, the TIS model was arranged with back 
mixing flow between adjacent tanks and recirculation flow from the last to the 
first tank, which allows adjusting the model with the back flow rate (Levenspiel, 
1999). 

5.2.5 Modelling of TIS and CM integrated with biokinetic model 

The hydraulic performance of the systemic model and the CM was assessed 
obtaining the RTD with a pulse of inert solution. For this purpose, the modelling 
and simulation software WEST® (Mike by DHI, Denmark) was used. Moreover, 
these models were also assessed coupling the biokinetic model Activated Sludge 
Model No. 1 (ASM1) (Henze et al., 2000) to compare the behaviour of some 
effluent species in the models under a real wastewater influent. For this purpose, 
the benchmarking influent composition of BSM1 (Copp, 2002) was used in 
conjunction with the flow rate measured at the WSP Ucubamba. ASM1 is a 
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robust model for activated sludge modelling which presents the state variables, 
kinetic processes and stoichiometry of the model in a matrix format, i.e. the Gujer 
matrix (Henze et al., 2000). This structure helps in understanding the complex 
transformations of components and ensures the correctness of the mass balance by 
the explicit way to denote the stoichiometry coefficients (Sah et al., 2012). Some 
specific models for WSPs are already available in the literature in the Gujer matrix 
format which is becoming generic and helpful for the modelling of biosystems.  

5.3 Results and Discussion 

5.3.1 CFD model simulation 

First, an unsteady simulation using a constant velocity inlet boundary was run 
until a stable solution for velocity and turbulence profiles was obtained in the 
whole pond domain. Figure 5.2 depicts the velocity contours at a horizontal plane 
(0.1 m from the surface) of the pond (since the vertical diffusion is neglected) 
along with velocity vectors after 3 days of simulation time of an unsteady CFD 
simulation with a constant influent profile. The pattern described in the CFD 
concurs with the field observations in the tracer test. In Figure 5.2, the highest 
velocities in the pond (in the range 0.2 < v < 1.12 m.s-1) are located in the 
uncoloured zone at the inlet. Subsequently, a transient inlet velocity profile, based 
on the inlet conditions of plant online measurements, was provided as inlet 
boundary condition and simulated for the transient tracer simulation. For every 
time instance, the necessary inlet turbulent boundary conditions were calculated.  

The transient velocity profile that was used for the tracer simulations is shown in 
Figure 5.3a. From the unsteady CFD simulation, it was observed that the 
transient velocity profile did not impact the overall velocity and turbulence profile 
of the pond (Figure 5.3b), which could be expected given the influent flow rate 
and the size of the pond system. 
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Figure 5.2.  Contours of flow velocities magnitude and vectors in maturation pond 1 
obtained after 3 days of flow simulation using a constant influent profile. 

Figure 5.3 is an important observation as it means that the compartmental model 
can be developed based on a single flow field and can subsequently be used for 
varying inflow conditions (see section 5.3.2). In fact, the compartmental model 
that is derived in the next section is valid under different conditions of diurnal 
influent flow and no transient behaviour needs to be addressed in the CM 
procedure. This can be generalised for large systems where the whole flow pattern 
is not significantly influenced by the relative small changes in the inlet discharges. 
One should however be careful when the characteristics change (e.g. extreme peak 
behaviour). Moreover, the flow field in smaller systems might be more prone to 
changes in influent flow rate and in that case different compartmental models 
might be required. They can, however, be built following the same methodology 
illustrated in this chapter. 

(a) 
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(b) 

 

 

 

 

time 1 

 

 time 2 

Figure 5.3.  (a)Transient velocity profile from system records (b) outputs of the velocity 
profile in the pond at two different times in Maturation 1 pond. 

5.3.2 Compartmental model development 

The procedure of building the compartmental structure started with an unsteady 
simulation using a constant velocity inlet boundary until a stable velocity and 
turbulence profile solution were obtained in the whole pond domain (Figure 5.2). 
Ideally, a compartmental model comprises of a certain number of fully mixed 
volumes, which can be interconnected by means of certain exchange fluxes. The 
extension over TIS is that there is more freedom to define compartments and it is 
not restricted to one single dimension. With regard to the CFD flow predictions, 
defining compartments in one single dimension does not account for recirculation 
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patterns. The challenge now lies in determining the exchange fluxes, which 
depends upon the flow variations and the number of tanks that could be 
identified to have a very close approximation of the mixing behaviour of the entire 
pond. Considering that this act is mainly in order to introduce the biokinetics at a 
later stage into the integrated compartmental model, the decision of the number 
of fully mixed volumes had to be based upon the major flow directions in the 
pond, hereby keeping the number of compartments as low as possible.  

The following steps were needed to set up the compartmental model: (1) 
determine different zones, (2) determine volumes of different zones, (3) 
determination of number of compartments per zone and (4) determination of 
convective and exchange fluxes in and between zones. They will be detailed in 
what follows. 

5.3.2.1 Determination of different zones 

The compartmental structure definition started with a visual inspection of the 
velocity profile in the pond (Figure 5.2). From the CFD study, it has been 
observed that the velocity components play a major role in the movement of the 
tracer. Hence, in order to divide the pond into compartments, the dominant flow 
direction was primarily used. Based on this, the entire pond domain was divided 
into three different zones based on expert interpretation of how the dominant 
flow impacts the RTD at the outflow of the pond. These were defined as follows: 
(1) zone 1 was defined based on the dominant spatial dimension of flow 
connecting the pond inlet to the pond outlet, leading to the first peak in the RTD 
curve; (2) near the pond outlet the liquid moved away from the dominant spatial 
direction, with lower velocity magnitudes (which was classified as zone 2); and (3) 
another zone (zone 3) existed, in which even lower magnitudes of velocity 
persisted, which lead to a recirculation zone (see Figure 5.4 and Figure 5.6). 
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Figure 5.4. Zonification of the pond based on CFD flow analysis. 

5.3.2.2 Determination of volume of different zones 

The volumes of the different zones were determined as follows. The volume of 
zone 1 (V1) was calculated as the relation of the mean discharge by the mean 

residence time evaluated in the first section of the RTD curve ̅  from time 0 to 

0.2 d (Figure 5.5) which describes the first and major peak observed. Volumes in 
zone 2 and zone 3 were assigned by visual inspection of the velocity vectors and 
iso-contours plots. Since zone 2 is connected by means of a recirculation flow to 
zone 1, the cross sectional area of this zone must be connectable to the first tank 
in zone 1. The same reasoning was used for zone 3.  

 

Figure 5.5.  Comparison of the RTD curves obtained in the tracer experiment with CFD 
simulation. 
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5.3.2.3 Determination of number of compartments per zone 

In zone 1, the number of compartments is obtained by making an analogy of the 
plug flow with the axial dispersion model (Figure 5.5), allowing determination of 
the number of tanks as a function of the Peclet number (Pe). Thus, 

2 n 1 Pe
u L

D
(5-2

where, n represents the number of equivolume fully mixed tanks which are 
connected in series, along the major flow dimension; uavg [m.s-1] is the average 
flow velocity along the zone evaluated from CFD results; L [m] is the 
characteristic length of the zone and Dm [m2. s-1] is the mass diffusion coefficient. 
It is to note that all tanks had the same volume. The RTD was found to be 
sensitive to the division of zone 1 into compartments, which was to be expected as 
this formed a single direct connection from pond inlet to outlet. Using this 
approach, the optimal number of tanks in zone 1 was found to be 13.  

In zone 2, based on the flow direction, and since no recirculation was observed 
from the CFD simulation, one large completely mixed tank was opted for 
(subdividing in more compartments did not impact the solution). The rest of 
zone 2 was split into smaller tanks in regions where the flow direction changed. 
This was required in order to maintain an ease of calculation of distance between 
the tanks and determination of flow areas, as these were needed for calculating the 
exchange fluxes with zone 3 (see 5.3.2.4).  

In recirculation zone (zone 3), the compartments were chosen based on the visual 
observation of recirculation zones in the flow field analysis of CFD simulation. A 
similar reasoning as for zone 2 was followed, resulting in 2 large completely mixed 
tanks (flowing in opposite directions) and some smaller tanks needed for easy 
determination of exchange fluxes with zone 2 compartments. In order to simplify 
the structure of the compartmental model, the dead zones were not considered as 
such, as they will not have a major impact on the RTD. Upon using this 



Compartmental Models 

112 
 

approach, velocity gradients between the boundaries of the compartments would 
remain low, leading to a simpler approach, with reasonable accuracy.  

Since the flow is considered to be invariant along the depth based on the 
turbulent parameters, this division into compartments has been done on a 
horizontal slice and then extended with the same area for each tank along the 
depth of the pond. The final structure of the compartmental model is shown in 
Figure 5.6. 

5.3.2.4 Determination of convective and exchange fluxes 

Now the main structure of the CM was defined, the exchange fluxes between the 
different compartments still need to be determined. This was done based on the 
velocity vectors, velocity contours and understanding of the flow directions. In 
zone 1 the flow direction is selected based on the dominant spatial dimension, 
from the inlet to the outlet, since these ponds are continuous flow systems 
(Gresch et al., 2009). In zone 2 and zone 3 the visual inspection of the velocity 
vectors clearly determined the main flow direction. 

The exchange fluxes (indicated by the red arrows in Figure 5.6) are determined 
based on the turbulence characteristics of the flow (k, ) and the constant of the 
turbulence model C given by the diffusion coefficient Dt  (Guha et al., 2006; Le 
Moullec et al., 2010). Thus, the exchange flux Qr can be calculated based on the 
cross-sectional area (A) and the distance between the compartments Δx as 

∆
(5-3

Once the backflows Qr are defined, the convective fluxes are automatically 
calculated by means of mass balance in the entire compartmental configuration, 
using the conservation of mass. Note that the criteria used to determine the 
volume and number of compartments (section 5.3.2.2 and 5.3.2.3) allowed an 
easy evaluation of x, i.e. the distance between the centres of the corresponding 
tanks where recirculation is occurring. 
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Figure 5.6.  Compartmental model layout of Maturation 1 pond. 

In a way, this methodology confines the choice of number of compartments to 
the computational expense that can be handled, since the next step in modelling 
the WSP involves inclusion of a biokinetic model in each of the compartments. In 
order to establish the proof of concept, the compartmental model in this study 
was developed using 25 compartments (Figure 5.6).   

5.3.3 Tracer experiment vs. CFD 

The tracer experiment was performed during the coldest and driest months of the 
year to prevent the influence of the thermal stratification in the ponds and to 
minimize the influence of the rainfall in the discharge variability. The tracer was 
initially mixed with pond water to equalize the tracer temperature with the pond 
water and then added as a pulse into the channel just preceding the inlet pipe. 
Due to the huge size of the pond, the tracer movement through the water body 
was visible only for the first 30 minutes but it was sufficient to visually observe a 
circular pattern of the tracer around the pond. This movement depicts the first 
initial and major peak in the RTD curve (short circuiting), which is typical for 
this type of hydraulic systems (Shilton et al., 2008). Figure 5.5 shows a reasonable 
agreement between the RTD curves from the tracer study and the CFD model 
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prediction. The CFD model was able to capture the magnitude and timing of the 
first peak reasonably well, but the subsequent peaks are less clear in the 
experimental results (although there seems to be one between 0.25d and 0.5d). 
The disagreement could be due to the simplifying assumptions in the CFD model 
and e.g. the meteorological conditions not included in the model. This influence, 
however, is not significant analysing the whole behaviour of the tracer response 
plot. It is assumed that the CFD model is sufficiently valid for the pond.  

5.3.4 Tanks-in-Series Analysis 

Studying the properties of the whole RTD curve of the CFD model, and 
according to eq. (5-1 , the number of tanks (n) in TIS model results in n < 1. The 
latter suggests a completely mixed behaviour in the pond, mainly due to the 
recirculation pattern. However, to assess the performance of the TIS model for 
pond hydrodynamics, initially, the TIS model was built with n=25 to match the 
number of tanks used in CM (Figure 5.6). Considering the fact that a multitude 
of alternatives of TIS models could be built, three different configurations were 
adopted and evaluated: 1) Tanks-in-series without any backmixing or 
recirculation flows; 2) TIS with recirculation flow from the last to the first tank 
(TIS-R); and 3) TIS with back mixing flow between all two adjacent tanks in the 
configuration (TIS-BM). Moreover, in the last 2 configurations, the backmixing 
rate was varied in order to get the best fit of the RTD.  

Figure 5.7 depicts a series of curves of different TIS models, resulting in null 
agreement with CFD model output despite of the n tanks used. In Figure 5.7 (a) 
the number of tanks (n) is varied while maintaining the recirculation rate at 
R=0.9. It also contains a profile resulting from a configuration with n=25 without 
any backmixing or recirculation flow. It is observed that a large value of n (>100) 
could eventually match the first peak magnitude, albeit with less precision in time. 
However, such a large value of n severely impacts the computational requirements 
if a biokinetic model is to be coupled. Figure 5.7 (b) illustrates a series of curves of 
TIS, using n=25 and varying flow recirculation rates. It can be observed that 
despite the increase in flow recirculation, the magnitude of the main peak is never 
predicted accurately. Figure 5.7 (c) shows results of the TIS configuration 
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incorporating adjacent backmixing (TIS-BM). Also here, no accurate RTD 
predictions were obtained.  

Hence, from a mixing behaviour point of view, none of the TIS model 
configurations was able to describe the observed system behaviour. However, for 
comparison purposes in the following sections, the configuration of TIS-R with 
n=25 and recirculation rate R=0.9 was adopted as the best TIS configuration.  

(a) 

(b) 
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(c) 

Figure 5.7.  Comparison of the RTD of the CFD model and experimental data against: a) 
TIS models with back mixing rate R=90%, varying the number of tanks n and without 
recirculation flow (n=25), b) TIS-R (n=25), varying the back mixing rate R, and c) TIS-
BM. 

5.3.5 Compartmental model vs. tanks-in-series 

Figure 5.8 shows a comparison of the RTD curves obtained in TIS and CM 
against the experimental tracer data and CFD simulation. Table 5.1 summarises 
the quantification of the goodness of fit in terms of Sum of Squared Errors (SSE) 
and Relative Absolute Errors (RAE) of every hydraulic model tested. The different 
tested TIS models, as discussed before, are unable to capture the measured RTD, 
whereas the CM fits the RTD of both experimental data and CFD simulation 
reasonably well. The description of the first peak has a strong impact in the 
statistical quantification of the goodness of fit shown in Table 5.1.  

In a WSP system exhibiting a strong recirculation pattern, the description of the 
main peaks is definitively the main concern in the RTD analysis and a subsequent 
coupling of a biokinetic model. In this study, the CM has positively achieved this 
goal. Although the CM behaviour is not perfect along the whole curve, it 
represents a drastic improvement over the systemic approach, still using a fairly 
limited amount of compartments. A further fine-tuning of the back mixing flows 
in CM could certainly improve the fit. However, any further effort in this way 
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should consider first the limitations and consequently the accuracy of the 
experimental data when dealing with a full-scale system. It should also be stressed 
that the objective of the modelling exercise is important in this regard. The goal of 
developing the compartmental model here is to have a realistic, yet simple model 
(minimal number of tanks) for the subsequent integration of a full-fledged 
biokinetic model. The latter will be the scope of future work. If the objective 
would be to have a very accurate description of mixing behaviour, one can relax 
on the constraint of total number of tanks. 

 

Figure 5.8.  Comparison of RTD curves obtained in CM versus TIS and tracer experiment. 

 

Table 5.1: Sum of Squared Errors (SSE) and Relative Absolute Errors (RAE) between the 
hydraulic models and the experimental data. 

Parameter CFD CM TIS TIS-R TIS-BM 

Relative Absolute Error (RAE) 0.73 0.74 1.39 0.94 1.39 

Sum of Squares Error (SSE) 2.50 2.80 4.64 4.03 4.64 
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5.3.6 Coupled biological and hydrodynamic model analysis 

In order to illustrate the impact of an inadequate mixing model, both the TIS and 
CM models were coupled with ASM1 and a simple dynamic simulation (14d) was 
performed. It should be noted that a full analysis of the results was not the 
objective here. Results of effluent ammonium and autotrophic biomass 
concentration are given in Figure 5.9 (using default ASM1 parameter values). It 
can be observed that both models exhibit significantly different system behaviour. 
The TIS model predicts washout of autotrophic organisms whereas the CM 
model retains the autotrophic biomass in the system. This results in no 
ammonium removal in the TIS approach. The example depicted, although not 
realistic in terms of the actual biological processes occurring in a WSP system, is 
very illustrative for the right selection of the mixing model when modelling 
biochemical processes. Often, a simple, and frequently applied, solution of the 
above problem used by many modellers is to increase the autotrophic growth rate. 
This would indeed avoid washout of nitrifiers. However, this practice introduces 
an error to cure for a flaw in model structure (Gujer, 2011).  

In general, to use the degrees of freedom that biokinetic parameters offer to solve 
for flaws in model structure is not good modelling practice. This will severely 
deteriorate the prediction power of the model. The proposed CM approach is a 
better alternative as it addresses the pond hydraulics in a more accurate way, still 
resulting in a model that has a reasonable computational load and does not 
require modifying kinetic parameters. This was also illustrated before using 
experimental observations for an activated sludge system (Gresch et al., 2011; Le 
Moullec et al., 2011). 
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Figure 5.9.  Comparison of the outputs concentrations of autotrophic organisms (bottom) 
and ammonia (top) in TIS (n=25, flow recirculation R=90%) and CM model approaches 
coupled with ASM1 model.  

5.4 Conclusions 

The conclusions can be summarized as follows: 

 A CFD model is built and demonstrates its robustness and accuracy to 
describe the hydrodynamics of a full-scale WSP but at a high computational 
cost. The further incorporation of external factors like wind and thermal 
stratification can certainly improve the model but the computational demand 
will also increase considerably. The incorporation of biokinetic models would 
be in that case practically unfeasible.  

 The tracer experiments in large pond systems, although being costly in terms 
of time and resources, are very valuable in understanding the hydrodynamic 
behaviour of such systems. Considering the assumptions made in the CFD 
modelling, the validation of the model against tracer data is highly 
recommended. 

 It is demonstrated that different TIS model configurations are not able to 
describe the pond’s mixing behaviour nor through changing the number of 
tanks, nor introducing recirculation flows, backmixing flows nor manipulating 
the backmixing/recirculation rate.  



Compartmental Models 

120 
 

 A procedure is presented to derive a compartmental model (CM) based on a 
detailed flow analysis obtained from the validated CFD model for the WSP. 
The CM is able to reasonably predict the pond’s mixing behaviour at a very 
low computational demand, which facilitates the further inclusion of a 
biokinetic model.  

 The impact of the mixing model on the behaviour of a biokinetic model is 
briefly illustrated by integrating ASM1 for different mixing models. For the 
same pond system, the TIS model predicted washout of autotrophic biomass 
and, hence, loss of nitrification, whereas the CM did not predict washout. 
This illustrates the importance of a mixing model that is representative for the 
system and not a crude oversimplification. Curing TIS performance by 
changing biokinetic parameters is not good modelling practice and only results 
in a fitted model with low predictive power and intrinsic flaws. 
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6 Biokinetic modelling of a WSP using a sound hydraulic model 

Chapter 6
Biokinetic modelling of a WSP using a sound 

hydraulic model
 

  

Abstract 

This chapter presents the results obtained in the analysis of two combined 
rigorous hydraulic-biokinetic models of the full scale maturation pond 1 of the 
Ucubamba waste stabilization pond system in Cuenca, Ecuador. The 
compartmental model (CM) approach for modelling the pond’s hydrodynamics is 
used as platform to incorporate two different full biokinetic models proposed in 
the literature (Sah et al., 2011 and Alex et al., 2010). Dynamic influent profiles 
were created using data gathered at the Ucubamba WSP. Both models were 
assessed in terms of total COD, COD fractions and biomass outputs, showing 
similarities in the effluent COD. However, the biomass concentrations were 
predicted dissimilar in both biokinetic models, suggesting that default parameters 
or processes included in the model need reconsideration. The behaviour of the 
models was compared against a simple tank-in-series model (TIS). The TIS model 
was not able to capture the hydrodynamics of the system compared to the CM 
which performed better.  



Biokinetic Modelling 

122 
 

6.1 Introduction 

Waste Stabilization Ponds (WSPs) systems are well suited in areas where land 
availability is not a concern. Furthermore, this technology is known for its high 
organic removal efficiency in conjunction with relatively low operational and 
maintenance (O&M) requirements compared to conventional biological 
wastewater treatment systems (e.g. activated sludge). These characteristics make 
this technology attractive in developing countries. Mathematical models have 
been used satisfactorily in conventional wastewater systems such as activated 
sludge for a better process understanding and system optimisation. However, the 
scale between WSP and conventional activated sludge is significantly different, 
implying that WSP systems exhibit more complex hydrodynamic behaviour. This 
has a huge impact on the way the system can be modelled.  

Next to solving the advection-dispersion partial differential equation, the mixing 
behaviour in reactors has been classically modelled with two systemic approaches: 
the dispersion model and the tanks-in-series (TIS) model which have been 
described earlier in section 2.3.3. Nevertheless, as illustrated in chapter 5, in large 
pond systems the use of these models is highly questionable since multiple 
recirculation flows, stagnant zones, large backmixing, etc., are likely to be present.  

The compartmental model methodology described in chapter 5 appears as a 
feasible intermediate solution between fully developed computational fluid 
dynamic models and systemic models. The power of CM (good hydraulic 
prediction in reasonable computational time) was proven for the maturation pond 
M1 of Ucubamba WSP system analysing the RTD curves from a tracer 
experiment and from CFD modelling results. The comparison between the CM 
and TIS approaches was done by RTD analysis and also by the incorporation of 
an ASM1 model in both hydraulic approaches for a preliminary effect evaluation 
on the impact on biokinetic processes. 

The coupling of full 3D CFD models with detailed biokinetic equations in WSPs 
is currently a challenge for WSP modellers. Lack of computational resources is no 
longer an excuse for having validated CFD models on full scale ponds, although 
full coupling with a biokinetic model still poses challenges (this is even still the 
case for activated sludge systems). However, the lack of adequate data sets for the 
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calibration and validation of these combined models is at present the largest 
bottleneck (Sah et al., 2012) as more detailed information inside the system (and 
not just the inlets and outlets) is required for proper validation and system 
understanding. 

After the publication of the River Water Quality Model No. 1 (RWQM1) 
(Reichert et al., 2001), only a few comprehensive biokinetic models have been 
reported in the literature to simulate the algae processes occurring in WSPs or 
High Rate Algal Ponds (HRAPs). Dochain et al. (2003) reported a model which 
helps in the understanding of the biokinetic processes, the relation of the different 
components and to predict the possible risk of odour formation. The model 
consists of mass balances and reaction equations for three microorganism 
populations: microalgae, aerobic bacteria and sulphate reducing anaerobic 
bacteria. Jupsin et al. (2003) reported a model for a HRAP based on the 
biokinetics of RWQM1. Beran and Kargi (2005) calibrated a complete model for 
a Facultative pond. In that study, the hydraulics of the pond were simplified by 
means of a two-dimensional model which considered dispersed flow and diffusion 
in horizontal and vertical directions respectively. The biokinetic model 
incorporated the Liebig’s “Law of the minimum” (Gorban et al., 2011) into all 
growth equations.  

The Liebig’s “Law of the minimum” was also incorporated in the growth 
equations of the PHOBIA model (Wolf et al., 2007). In this approach, the 
limitation factors (fi) in the growth rate () of a microorganism X (equation (2-1, 
chapter 2) are not considered to be multiplicative over the maximum growth rate 
(max). Instead, it is assumed that growth rate is limited by a single substrate at a 
time as follows: 

μ μ ∙ X ∙ min f  (6-1)

According to Beran and Kargi (2005) and Wolf et al. (2007), the growth rate of a 
microorganism based on Equation (6-1) is only depending on the truly limiting 
substrate. 

The difficulty to understand the different models for their complexity of 
interactions among the considered components present in WSPs have been 
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overcome by the recent incorporation of the ASM structure into the WSP models. 
The ASM concept (Henze et al., 2000) presents the state variables, kinetic 
processes and stoichiometry of the model in a matrix format, i.e. the Gujer 
matrix. This structure helps in understanding the complex transformations of 
components and ensures the correctness of the mass balance by the explicit way to 
denote the stoichiometry coefficients (Sah et al., 2012). Therefore, this approach 
could set a standard in further developing of the different biochemical interactions 
in the modelling of biochemical processes in WSPs.   

Following the ASM concept, recent models reported in the literature (Wolf et al., 
2007; Alex et al., 2010; Gehring et al., 2010; Sah et al., 2011), present 
comprehensive approaches for WSPs, algal ponds and phototrophic biofilms. 
Obviously, there are some similarities among them. More recently, Broekhuizen 
et al. (2012) have suggested some structural and parametric modifications in the 
RWQM1 for modelling HRAPs, concluding that RWQM1 is still lacking 
descriptions of one or more important processes occurring in algal systems, 
indicating the need for further research to understand these complex systems.  

In this chapter, the objective is to assess the behaviour of two different biokinetic 
models reported in the literature in conjunction with the compartmental model 
developed for Maturation pond 1 in chapter 5 by comparing their predictions 
with experimental data. Following the ASM model structure (Henze et al., 2000) 
the biokinetic model proposed by Alex et al. (2010) extends the ASM3 model 
with algal kinetics and processes. This model as well as that proposed by Sah et al. 
(2011) for a secondary facultative pond are evaluated. Both models contain the 
main driving processes occurring with algae and aerobic bacteria and have been 
tested in previous studies. Moreover, both models have been reported in the Gujer 
matrix format which facilitates their implementation in dedicated software and 
understanding its behaviour. The PHOBIA model (Wolf et al., 2007) was 
developed more specifically for biofilms and resulted in some implementation 
issues. Therefore, it was not possible to include it in the current chapter. 
Nevertheless, it could also be useful to investigate in maturation ponds. However, 
this was regarded as material for future research. 

The main objective of this exploratory research was to investigate the impact of 
the hydraulic model by means of comparing the CM against a simple tank-in-
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series model, using one of the biokinetic models tested. It can be regarded as a 
first important step towards more realistic simple models for WSPs.  

6.2 Materials and Methods 

6.2.1 The pond and the compartmental model 

The Ucubamba WSP system and the 7 ha maturation pond 1 were fully described 
in sections 3.2.1 and 5.2.1 respectively. The validated compartmental model 
which describes the hydraulic behaviour of the pond is comprised of 25 
interconnected tanks (CSTR) as shown in Figure 5.6.  

6.2.2 The biokinetic models 

For didactic purposes the two models analysed in this chapter will be referred to 
as the “ALEX model” and the “SAH model”. The key aspects of these models are 
provided in the following subsections. 

6.2.2.1 The ALEX model 

The ALEX model (Alex et al., 2010) comprises the integration of algal processes 
mainly based on RWQM1 (Reichert et al., 2001) into the ASM3 model (Henze 
et al., 2000) which defines the growth and decay of heterotrophic biomass and 
nitrifying biomass processes. The algal processes are described with 4 extra 
processes and one component for algal biomass. The algal growth processes were 
earlier described in section 2.2.3. It is noteworthy that a Monod type equation is 
used in the factors affecting the algal growth based on the availability of CO2 as 
detailed in equation (2-7) in chapter 2. 

To account for the availability of CO2 as the carbon source for algal growth, the 
ALEX model introduces an additional component “SIC” which defines the total 
inorganic carbon content of the water phase defined by the species CO2, H2CO3, 
HCO3

-, CO3
2-. The pH is then calculated with the following expression:  
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pH pK log
S S
S

(6-2)

where pKeq1 is the logarithmic acid dissociation constant of the CO2-HCO3 
equilibrium [-] and SALK is the soluble alkalinity component in ASM3 [kg.m-3].  

Finally, two extra processes are added to represent the gas exchange of O2 and 
CO2 from the liquid to the gas phase. The Gujer matrix of the ALEX model and 
the variables and parameters are given in Appendix A.  

6.2.2.2 The SAH model 

In the SAH model (Sah et al., 2011) the COD and nutrient removal follows the 
ASM model concept (Henze et al., 2000) expressing the removal as function of  
bacterial growth following Monod kinetics. The embedded aerobic and anoxic 
processes are those of ASM2. The anaerobic processes, however, are selected from 
the Constructed Wetland Model No. 1 (CWM1) (Langergraber et al., 2009) in 
which hydrolysis and the growth and decay of three bacterial groups are defined: 
fermenting bacteria (XFB), Acetotrophic sulphur reducing bacteria (XASRB) and 
Acetotrophic methanogenic bacteria (XAMB). The algal growth equations are 
adopted from RWQM 1. As detailed in equations (2-2) and (2-3), the source of 
nitrogen for algal growth can be either ammonium (preferred) or nitrate via a 
switching function. The algal limitation growth expressions were described earlier 
in section 2.2.3. All rate equations follow an Arrhenius type temperature 
dependency as shown in equation (2-13).  

The re-aeration in SAH model is borrowed from Moreno Grau et al. (1996) and 
is given by the following expression 

R
K
h

C C (6-3)

where R is the reaeration through the air-water interface [g.m-3.day-1], KL is the 
interfacial transfer coefficient [m.day-1], CS is the dissolved oxygen saturation 
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concentration [g.m-3], C the actual concentration of dissolved oxygen [g.m-3] and 
h the depth [m]. The Gujer matrix of the SAH model is given in Appendix B. 

6.2.3 Model implementation 

The modelling platform WEST 2012 (DHI, Denmark) was used to implement 
the coupled hydrodynamic-biokinetic models. Each model was carefully verified 
during the implementation process and some mistakes were found in the Gujer 
matrix of the SAH model as reported in the original manuscript, (Sah et al., 
2011). It should be noted that this is an often occurring issue. The SAH model 
manuscript, however, contains a well described set of references of the adopted 
biochemical process which allowed identifying and correcting the mistakes rather 
easily. 

During the validation of the respective model outputs against the measured 
values, the values of the kinetic and stoichiometric parameters in both models 
were not updated compared to the values reported in the published papers, i.e. the 
default values were used and no proper model calibration was pursued at this 
stage, mainly due the lack of sufficient dynamic data. There were some small 
variations in the values of equivalent parameters in both models. However, the 
majority of the stoichiometric and kinetic parameters related to autotrophs and 
heterotrophs in both models were identical since they assumed the default values 
reported in ASM2 and ASM3 models (Henze et al., 2000). It should be noted, 
though, that some of these defaults have not even been validated in the ASM 
models as indicated by Henze et al. (2000). This should be borne in mind when 
interpreting the results. 

6.2.4 Influent data 

One of the major constraints in the biokinetic modelling of WSP is the 
availability of adequate continuous data for calibration and validation of the 
models (Sah et al., 2012). The input of any dynamic modelling simulation in 
wastewater treatment systems is very important both in terms of quality and 
quantity (Cierkens et al., 2012). Indeed, good data sets require information with 
regard to the daily fluctuations of organic and nutrient loads. In WSPs, 
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furthermore, the fluctuations in temperature and solar irradiation at pond surface 
are also needed since the metabolism of the phototrophic organisms is directly 
related to the variability in those factors. 

The facultative and maturation ponds of the Ucubamba WSPs, as indicated in 
section 3.2.1, are continuously monitored by online sensors of temperature 
located near the effluent structures. The discharge at the outlet of each pond is 
also measured and recorded in a SCADA system. The influent and the effluent of 
the WSP system is fully characterized two times per week by means of 24 hours 
composite samples (Metcalf and Eddy, 2002), however, the quality fluctuations 
occurring between ponds are not being captured continuously. Nonetheless, a 
very recent improvement in the WSP system is increasing the monitoring capacity 
of the effluent of the aerated and facultative ponds. Despite these efforts, the 
influent information available is still poor for a detailed dynamic modelling study 
and requires reconstruction based on certain assumptions. 

The dynamic influent profiles used in this study were constructed using the daily 
variability of the meteorological parameters and the influent organic loads 
entering maturation pond 1. The solar irradiation data were obtained from a 
meteorological station managed by ETAPA and situated within a 1 km distance 
from the WSP. Dissolved oxygen (DO) and pH were measured by the online 
sensors TriOxmatic 700IQ and SensoLyt 700IQ (WTW, Germany) respectively, 
and transmitted and recorded in the system IQ SENSOR NET 2020 XT (WTW, 
Germany). These sensors were specifically installed for this study near to the 
outlet of facultative pond 1. Figure 6.1 shows a time span of one week of different 
gathered data used to create the influent dynamic profiles.  

The daily profiles of pollutant concentrations were measured during two different 
characterization campaigns executed respectively in December 2010 and July 
2011. The campaigns consisted of 24 hour sampling, with one composite sample 
every 2 hours. Automatic samplers were programmed to collect partial samples of 
the composite every 20 minutes. BOD, COD, NO2-N, NO3-N and all the solid 
fractions were analysed using the methods described in the Standard Methods for 
the examination of water and wastewater (2005). The detailed results of both 
characterization campaigns are shown in Appendix C. In each monitoring 
campaign, the effluent of the maturation pond was characterized 3 days after the 
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influent in order to match as close as possible the theoretical residence time of the 
pond.  

From the described data gathered, two dynamic influent profiles of 15 days were 
created. The dynamic pollutant concentration profiles were converted into the 
model components by a fractionation model (FM) which is described in the next 
section.  

6.2.4.1 Fractionation models 

Each model analysed in the present chapter requires fractionation of the COD 
into the different components described in their respective Gujer matrices 
(Appendices A and B). The exact COD composition of the pond influent and its 
temporal variability is unknown. However, two different FMs were built based on 
in-situ observations. COD, TSS, FSS and NO2-N were used as input parameters 
for the ALEX and SAH fractionation models. Both FMs were constructed in 
equivalent terms for both models. The parameters that compose the FMs could be 
used during a calibration, however, for the objectives pursued in the present 
study, both FMs were maintained invariable in all the simulations to avoid any 
influence in the output results. This is also common practice for activated sludge 
modelling due to lack of detailed data on these fluctuations. 
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Figure 6.1: Different on-line measured parameters at maturation pond 1 of Ucubamba 
WSP. 

6.3 Results and Discussion 

The modelling process consists of running a steady state (SS) simulation until all 
transients caused by the initial conditions have faded out. In a SS simulation, the 
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average of the influent time series component concentrations is used as constant 
concentration values by the software. The dynamic simulations (DS) use the SS 
solution as initial state of the component concentrations. The results and analysis 
of the dynamic simulations are detailed in the following sections.  

6.3.1  Reconstruction of influent and effluent concentrations 

The COD experimental profiles characterized at the influent and effluent of the 
maturation pond 1 exhibit a large variability during one day. It is well known that 
the phototrophic activity is largely influencing the dissolved oxygen and pH 
profiles in the ponds, but also algae biomass concentrations can greatly fluctuate 
due to the influence of the available solar irradiation. The algae biomass variability 
in facultative pond 1 is then directly affecting the particulate COD influent to the 
maturation pond 1. This fact has been verified by field observations in which 
drastic changes in the effluent colour (due to algae concentrations) have been 
observed in different samples along one day.  

The daily variation of the measured COD was assumed as equal for each day of 
the period, which is a valid assumption when considering a dry weather period. 
However, due to the facts analysed above, different COD daily profiles would 
likely be present in reality. An intensive monitoring campaign and/or the addition 
of online COD probes will definitively be needed for a proper reconstruction of 
an influent/effluent profile for a proper calibration of a WSP model. Mara & 
Pearson (1998) have reported that taking a column sample near the outlet of the 
pond at any time of the day gives a good approximation to a 24 hour composite 
sample. This can be helpful to evaluate the average daily quality variation of the 
model. However, this will not be sufficient for a proper validation/calibration of 
the daily profiles. 

For TSS, FSS and N-NO2
- a large daily variability was also observed. For these 

parameters, the same approach was assumed for creating the influent/effluent 
profiles. It is indicated that N-NO3

- was also characterized at influent but only a 
trace concentration was found. However, a small concentration of N-NO3

- was 
found at the outlet of maturation pond during experimental campaign #2 
(Appendix C). 
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In Figure 6.2 and Table 6.1, the FMs built for ALEX and SAH models are 
described. Figure 6.2 shows the influent parameters (left-aim icons) and the 
components result of the fractionation (right-aim icons). As observed in Table 
6.1, the parameters of both FMs have been selected in equivalent terms for both 
models.  

(a) ALEX FM (b) SAH FM 

Figure 6.2: Fractionation model layouts corresponding to (a) ALEX and (b) SAH models 

Some specificities of the models were considered for the preparation of the 
respective influent/effluent profiles. In the ALEX model, the total alkalinity 
defined by the soluble component SALK was assumed constant. The soluble 
inorganic carbon (SIC) content in the influent was then calculated considering 
equation (6-2) and the pH profiles measured at the facultative pond effluent. 

In the SAH model, a constant value was assumed for the E.coli concentration. It 
is indicated that the meteorological parameters in both characterization campaigns 
were comparable. 

Figure 6.3 and Figure 6.4 show the influent COD profiles created from the 
characterization campaign #1 and #2 respectively. 
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Table 6.1: Parameters used in the influent fractionation models of ALEX and SAH models. 

ALEX model SAH model 

Parameter Value   Parameter Value 
fXCOD_VSS 1.7 fXCOD_VSS 1.7 
fXA 0.01 fXA 0.01 
fXALG 0.01 fXALG 0.01 
fXH 0.1 fXH 0.1 
fXS 0.3 fXS 0.3 
fSS 0.4 fSA 0.2 
fXSTO 0.05 fSF 0.2 

fSCH 0 
fXAMB 0 
fXASRB 0 

      fXFB 0 

6.3.2 Performance of the ALEX and SAH models 

Figure 6.3 and Figure 6.4 also show the effluent CODtotal profiles created from 
the characterization campaign #1 and #2 respectively as well as the predictions of 
both models. Both the SAH and ALEX models predict the effluent COD 
concentrations in the correct order of magnitude to that of the measured one. 
However, the magnitude of the peaks shown in the measured profile is not 
completely captured by the models. In characterization #2 (Figure 6.4), the 
models match the highest peak in the experimental profile more closely. It is 
noticed that in experimental profile #2, the measured COD is notably lower than 
in profile #1. In this scenario of lower COD load, both the ALEX and SAH 
model performed almost identical in predicting the effluent COD. For both 
influent profiles analysed, the ALEX model appears slightly more efficient to 
produce the removal of the COD compared to the SAH model.  

A more extensive and preferably on-line monitoring campaign is undoubtedly 
needed to obtain more reliable dynamic profiles. However, the first simulations 
performed indicate that both coupled hydraulic-biokinetic models perform 
qualitatively well in the order of magnitude expected. The variability observed in 
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the model outputs, is clearly influenced by the hydraulic behaviour of the 
compartmental model used in the model configurations.   

 

Figure 6.3: COD model predictions compared to influent and effluent profiles created on 
the basis of characterization # 1. 

 

Figure 6.4: COD model predictions compared to effluent profile created on the basis of 
characterization # 2. 

Figure 6.5 shows a comparison of the COD fractions XI (inert particulate COD), 
XS (slowly biodegradable particulate COD), SS (soluble readily biodegradable 
substrate from ALEX model) and SF (soluble readily biodegradable fermentable 
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substrate from SAH model) predicted by both models during 15 days of 
simulation using influent profile #2. In general terms, both models predict the 
inert and biodegradable substrate concentrations very similar, although, the SAH 
model exhibits more temporal variability and slightly higher concentrations 
compared to the ALEX model.  

 

Figure 6.5: Different COD components simulated with the models. 

As stated before, an adjustment of the COD fractions could be done by changing 
the parameters of the fractionation model. This issue needs further attention in 
the calibration of the models but is considered outside the scope of this study.  
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Figure 6.6 shows the component concentrations of autotrophs (XA), heterotrophs 
(XH) and algal biomass (XALG) in both models. Comparing the scales of the 
graphs, it is evident that a much larger heterotrophic biomass concentration is 
observed in the ALEX model, whereas larger autotrophic biomass concentrations 
occur in the SAH model which is a major difference in terms of governing 
processes in the system. The algal concentrations also differ considerably in both 
models (see the break in the Y-axis), both in terms of absolute value as well as in 
dynamics.  

 

Figure 6.6: Main biomass concentrations predicted by the models. 
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Algae activity (growth and decay) in both models appear rather low. In SAH 
model, the algae concentration is very low compared to the ALEX model. Both 
models consider the growth of algae on ammonia and nitrate with preference to 
ammonia. However, the detailed description of the carbonaceous system in ALEX 
model is certainly contributing to a better description of the algae activity in the 
model. The compartmentalization developed in chapter 5 improved the 
“horizontal” spatial detail but still considers an average of the component’s 
concentrations over the height of the water column, i.e. CSTRs. Obviously, the 
algae concentration is higher in the upper zone of the pond, and this will not be 
reflected in the concentration plot of Figure 6.6. The same reasoning applies for 
the heterotrophic biomass concentrations. In practice, what is important in an 
eutrophic model is the correct representation of the biokinetic processes and the 
hydraulic model subjacent. In most of the cases in WSPs, the correct 
representation of the total effluent concentrations is the ultimate goal of the 
modelling exercise. This objective can be achieved only if the processes in the 
distinct layers are well described. If a simple model is able to predict the 
observations, this model can be considered sufficient. In this study, the results of 
the organic components shown in Figure 6.3 and Figure 6.4 look very promising 
in this regard. 

The inclusion of vertical variability in the compartmental model should be matter 
of future research. The estimation of vertical fluxes and the daily size variability of 
the vertical compartments are among the key issues to account for.  

With respect to the prediction of the nitrogen components, Figure 6.7 shows the 
concentration of ammonia, and the sum of nitrite and nitrate predicted by the 
models. The behaviour of the SAH model is somehow comparable with the 
profiles of pH and dissolved oxygen in the influent whereas the ALEX model 
behaves smoothly, similar to the phototrophic daily cycles of the algae biomass. 
Both models however behave in the order of magnitude of the small 
concentrations of nitrogen compounds found in the maturation pond. 

From the results shown in this section, a description of the inorganic carbon and 
pH is really needed in the model structure to adequately represent the 
phototrophic processes. The difference in the algae biomass dynamics between the 
ALEX and SAH model (Figure 6.6) clearly illustrates that. Besides the light 
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intensity, an adequate characterization of the pH, dissolved oxygen, alkalinity and 
total inorganic carbon in the influent would be necessary for the calibration of any 
biokinetic model for a phototrophic ecosystem. Based on the available data, it is 
not possible to select the superior model, nor calibrating any of the models. A 
detailed description of the dark respiration and the diurnal energy storage for 
nocturnal consumption by the algal is also needed for a better description of the 
algal behaviour. The PHOBIA model proposed by Wolf et al. (2007) appears to 
be more robust to describe this specific processes of this ecological group.  

 

Figure 6.7: Nitrogen components concentrations predicted by the models. 

Figure 6.8 shows the predicted concentrations of E. coli by SAH model. The 
coliforms are being removed in the model using a first order equation (See 
appendix B). The dynamics of the temperature in the model is clearly observed in 
Figure 6.8 which predicts coliform removal around 1.5 log units using the default 
values of E. coli decay given in SAH model.  
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Figure 6.8: E. coli influent and effluent predicted concentrations by SAH model. 

6.3.3 Comparison of coupled CM against TIS models 

The general performance of the coupled models were assessed against a simpler 
hydraulic model structure composed by a tank-in-series model with recirculation 
flow from the outlet to the inlet equal to R = 90%. This TIS was the best 
configuration found in a multiple scenario analysis to represent the hydraulics of 
the maturation pond 1 (reported in section 5.3.4, chapter 5). Figure 6.9 shows 
the comparison of distinct biomass components at the outlet in CM and TIS 
models coupled with ALEX model. 
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Figure 6.9: Biomass concentrations predicted by CM and TIS coupled with ALEX model 
biokinetics. 

Figure 6.9 shows that TIS predicts slightly higher biomass concentrations for 
heterotrophs and autotrophs, and smaller algae biomass concentrations. The 
average of the model predictions along the 14 days period is comparable in both 
models. However, the dynamics of the concentrations behave dissimilar. The 
autotrophs concentration in TIS model appears still increasing after two weeks 
and exhibiting almost no influence of the influent dynamics which is noticeable in 
the CM. The algae biomass in the TIS model captures the dynamics of the 
influent profile. Nevertheless, the concentration is constantly decreasing after the 
two weeks period.  
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Figure 6.10: COD components predicted by CM and TIS coupled with ALEX model 
biokinetics. 
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The irregular behaviour of the biomass in the TIS model is also seen in the COD 
components predictions shown in the Figure 6.10. Again, the overall COD 
average prediction is comparable to the CM. However, the composition of the 
COD is notably different. TIS predicts much higher inert particulate COD 
whereas both the XS and SS components are predicted much lower. The results 
shown in Figure 6.10 could suggest the modeller to adjust biomass kinetics, and 
as consequence, to assign possibly erroneous kinetics to the organisms. However, 
the biomass washout as was observed in the hypothetical case of ASM1 combined 
with the TIS model was not found in this case. 

6.4 Conclusions 

 Two coupled hydraulic-biokinetic models for a maturation pond were 
constructed in a validated compartmental model structure. The ASM model 
structure facilitates the implementation of the models and their understanding. 

 The construction of dynamic influent profiles for modelling phototrophic 
biomass systems should account for the daily fluctuations in several parameters 
influencing the metabolism of algae organisms. The lack of consistent data in 
this regard is limiting the calibration and validation of the models reported in 
literature. This was also the case here. This was tried to overcome by 
constructing dynamic influent by formulating some assumptions. 

 A proper description of the carbonaceous system in maturation ponds is 
crucial in the biokinetic modelling of these systems. The dynamics of the 
photosynthetic cycle will not be represented by biokinetic models which do 
not address this process. Dark respiration and internal energy storage 
description should be also accounted for. 

 The use of a sound hydraulic model is crucial in the modelling of waste 
stabilization ponds. The complex mixing behaviour is poorly represented by 
classical simple models like tank-in-series model. Using an inappropriate 
hydraulic model could likely introduce erroneous practices in the calibration 
and further prediction of the biokinetic models.  

 Dedicated efforts in data collection are still required to properly calibrate WSP 
models. 
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7 Conclusions and Perspectives 

Chapter 7
Conclusions and Perspectives

 
 

This thesis has shown multiple applications of CFD models and their validation 
as a powerful tool for the analysis and basis for decision support with respect to 
the complex hydrodynamic behaviour of different parts of a waste stabilization 
pond. In some cases, it should be stressed that the investigations were meant to be 
exploratory in order to support future more specific research. Hence, both the 
potential and the remaining challenges for these types of models were addressed. 
Moreover, a validated CFD model was used to develop a methodology for setting 
up improved simplified hydraulic models for these systems, which is a major step 
ahead for proper modelling of pond systems with biokinetic models. Finally, a 
first attempt was made to use such a simplified hydraulic model in conjunction 
with a biokinetic model. In this chapter the main conclusions of the work 
performed are summarized and the perspectives for further research are 
highlighted. 

7.1 General conclusions 

7.1.1 CFD models applied to waste stabilization ponds 

Several 3D CFD models were built to analyse the hydraulic behaviour of the 
different parts of a full-scale Ucubamba waste stabilization pond system (chapters 
3, 4 and 5) either at one or several points in time. The modelling exercise of each 
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pond presented its own specificities and challenges. These efforts were 
accomplished, albeit at a high computational cost.  

In aerated ponds (chapter 3), the thrust produced by an air-inducing propeller has 
been approximated in the CFD model by an external momentum source applied 
as velocity vectors in the same direction and magnitude of the propeller thrust, 
behaving sufficiently similar to reproduce the Residence Time Distribution 
(RTD) curve obtained in a tracer experiment. This model was also validated 
against velocity measurements in the pond and showed reasonable agreements 
although there is definitely room for improvement. 

In facultative ponds (chapter 4), the CFD model demonstrated its usefulness in 
the evaluation of the hydrodynamic performance of a pond affected by large 
sludge accumulation over a decade period and to analyse the sludge accumulation 
pattern in relation to the hydrodynamic footprint of the pond. It was shown from 
recorded bathymetries that the RTD was affected by the sludge accumulation. 
This finding might justify the need of different spatial models when a combined 
hydraulic-biokinetic model is to be set up. Several CFD models were built; 
however, significant deviations from the measured RTDs were found which could 
be due to several reasons. The assumptions made in the CFD model due to 
limited experimental data especially regarding to the absence of wind 
measurements could be the main identified reason for the disagreement according 
to the literature studied. However, it is believed that a CFD model can potentially 
be used in the planning stage of a system, for testing future scenarios of critical 
sludge accumulation and to prevent therefore the formation of uncontrolled 
anaerobic zones (chapter 4).  

In maturation ponds (chapter 5), under more controlled conditions and not 
affected by aerators and sludge accumulation, a CFD model was built and its 
robustness and accuracy demonstrated when describing the hydrodynamics of the 
pond. At this stage the direct incorporation of biokinetic models into the CFD 
code, although technically possible, is still practically unfeasible as simulations 
would simply take too long.  
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7.1.2 CFD models as decision support tools  

Literature about CFD applications in full scale WSPs is rather limited. However, 
at pilot scale several contributions about testing different scenarios for improved 
design of WSPs are reported. In full scale systems, the CFD models require 
validation against experimental data in order to be useful for multiple scenario 
analysis. Testing different baffles dimensions and positioning for preventing the 
short-circuit typical of large pond systems is perhaps the most reported 
application of CFD models (chapter 2) as decision support tools in WSPs design.  

The CFD models developed in the present study were validated against 
experimental data. In all pond stages (chapter 3, chapter 4 and chapter 5), tracer 
experiments were performed. The tracer experiments in large pond systems, 
although being costly in terms of time and resources, are very valuable in 
understanding the hydrodynamic behaviour of such systems. Considering the 
assumptions made in the CFD modelling, the validation of the model against 
tracer data is highly recommended. However, more and other data is indeed 
required to pinpoint the causes for certain deviations observed between 
experimental data and model predictions. Tracer experiments only provide a 
measurement in the outlet of the system, whereas measurements of internal 
system states would be very useful (e.g. velocity patterns). 

The developed and validated CFD models proved to be useful as a decision 
support tool in order to test strategies for multi-objective optimisation of the 
system. In aerated ponds (chapter 3), the model was used to assess the mixing 
performance of distinct aeration configurations in the pond, showing that the 
aeration scheme with 4 aerators provides comparable mixing conditions as that 
with 10 aerators in operation, and is also a preferable alternative both process and 
economically-wise. This finding could lead to significant savings. Indeed, less 
aerators could be operated continuously without affecting the hydraulic 
behaviour. Continuous operation of aerators also keeps sludge in stable conditions 
and prevents benthic respirations, thus ensuring better use of dissolved oxygen in 
the pond. 

In facultative ponds (chapter 4), to favour the even distribution of the sludge, the 
CFD model can test scenarios of multiple inlets and/or the use of baffles. A 
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similar analysis with regard to baffle introduction and placement can be 
performed to improve the short-circuiting observed in maturation ponds (chapter 
5).  

7.1.3 Compartmental models for simplified description of WSP 
hydraulics 

In order to approximate mixing behaviour in reactors, the dispersion model and 
the tanks-in-series (TIS) model are broadly used (chapter 2). However, the use of 
these models in systems with large backmixing, recirculation flows, stagnant 
zones, etc. is questionable. In maturation pond 1, it was demonstrated that 
different TIS model configurations were not able to describe the pond’s mixing 
behaviour nor through changing the number of tanks, nor through introducing 
recirculation flows, backmixing flows or manipulating the backmixing 
/recirculation rate (chapter 5).  

For the maturation pond, the CFD model was able to predict accurately the 
mixing behaviour of the pond system, however, at high computational cost. In 
this regard, the compartmental models appear as a feasible intermediate solution 
between fully developed computational fluid dynamic models and the currently 
used systemic models. A procedure was presented to derive a CM based on a 
detailed flow analysis obtained from the validated CFD model for the maturation 
pond of the Ucubamba WSP (chapter 5). The CM was able to reasonably predict 
the pond’s mixing behaviour at a very low computational demand, which 
facilitates the further inclusion of a biokinetic model. In contrast, the tested TIS 
models did not succeed to give a proper description of the system hydraulics. 

The impact of the mixing model on the behaviour of a biokinetic model was 
initially illustrated (proof of principle) by integrating the biokinetic ASM1 model 
into different mixing models. For the same pond system, the TIS model predicted 
washout of autotrophic biomass and, hence, loss of nitrification, whereas the CM 
did not predict washout. This illustrates the importance of a mixing model that is 
representative for the system and not a crude oversimplification. Curing TIS 
performance by changing biokinetic parameters would be a typical reflex of many 
modellers. However, this is bad modelling practice as one uses the degrees of 
freedom of one submodel to cure a flaw in another submodel. This reduces the 
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exercise to a model parameters fitting exercise, resulting in a model with low 
predictive power, actually being a useless model for the objective it was created 
for. 

7.1.4 Coupling biokinetic models into a sound hydraulic model (CM) 

Two coupled hydraulic-biokinetic models for a maturation pond (chapter 5) were 
constructed in a validated compartmental model structure. The biokinetic models 
were presented in a ASM model structure (i.e. Gujer matrix format) facilitated the 
implementation of the models and their understanding. It is recommended to use 
this as standard practice for all further model developments. 

The modelling exercise demonstrated the importance of the construction of 
dynamic influent profiles for modelling phototrophic biomass systems (chapter 
6). Algae biomass biokinetic models should account for the daily fluctuations in 
several parameters influencing the metabolism of these organisms. The lack of 
consistent data in this regard is limiting the calibration and validation of the 
models reported in literature (chapter 2). This was also the case in this study 
(chapter 6) and a full calibration was not pursued. The limited existing data was 
partly overcome by reconstructing dynamic influent time series by formulating 
some assumptions (chapter 6). 

A proper description of the carbonaceous system in maturation ponds, internal 
energy storage and dark respiration are crucial in the biokinetic modelling of these 
systems (chapter 6). The dynamics of the photosynthetic cycle will not be 
represented by biokinetic models which do not address these processes. The use of 
a sound hydraulic model is crucial in the modelling of waste stabilization ponds. 
The complex mixing behaviour is poorly represented by classical simple models 
like tank-in-series models. Using an inappropriate hydraulic model could likely 
introduce erroneous practices in the calibration and further prediction of the 
models.  

The compartmentalization developed in chapter 5 improved the “horizontal” 
spatial detail but still considers an average of the component’s concentrations over 
the height of the water column, i.e. CSTRs. The inclusion of vertical variability in 
the compartmental model should be matter of future research. The estimation of 
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vertical fluxes and the daily size variability of the vertical compartments are among 
the key issues to account for. 

7.1.5 Overall conclusion 

The work performed in this PhD forms a solid basis for further development of 
calibrated and validated combined hydraulic-biokinetic models which can be used 
for improved operation of these systems. Moreover, the CFD models, when 
further validated, can be used for improving the design of existing WSPs 
(retrofitting) as well as building new greenfield systems. 

7.2 Perspectives and future work 

The research performed highlighted relevant knowledge gaps which are listed in 
what follows along with further promising research directions. 

 The large demand of computational resources in the CFD modelling of 
aerated ponds, has encouraged the use of simplified geometries and simpler 
modelling approaches for the representation of those complex systems. The 
approximation of the thrust produced by an air-inducing propeller by an 
external momentum source applied as velocity vectors has been sufficiently 
validated here. However, a more detailed CFD model which accounts for 
the propeller movement would be valuable for comparison and further 
validation of the simplified methodology. 
 

 In line with the above mentioned, more rigorous measurements of velocity 
profiles would also be welcome for further validation of improved models. 
Basically, more sophisticated models require more and higher quality data 
as well. Therefore, developments in both fields are needed. 
 

 A proper assessment of the dissolved oxygen levels in the aerated pond for 
each of the scenarios analysed (chapter 3), executed under the same 
conditions reported in this study, will definitely help to complement the 
findings described here. Multiphase simulations can account for the oxygen 
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concentrations in the pond and describe the zones where oxygen 
consumption is enhanced due to the scouring of the sludge surface layer. A 
proper modelling of DO in the aerated pond requires, however, the 
incorporation of aerobic processes into the CFD code. This can have a 
huge impact in the computational demand and additionally a higher 
quality measurements for model validation.    
 

 The low activity of aerated bacteria reported in the aerated pond has been 
proven by performing respirometric tests. The special conditions of daily 
fluctuating oxygen levels in the aerated pond due to the on/off switching of 
the aerators has enhanced the formation of large facultative and anaerobic 
bacterial groups in the pond. An assessment of the bacterial biomass in the 
pond would be valuable to improve the knowledge of the biokinetics of 
facultative micro-organisms and to provide conclusions for further 
improvements of the pond operational schemes. 
 

 The use of CFD models for testing the distinct effects of multiple inlets or 
presence of baffles in the large facultative ponds requires further 
exploration. The explicit modelling of the sludge transport in the CFD 
code (e.g. by adding sludge settling) would be very valuable to validate the 
findings of this study. However, more experimental data (measurement of 
tracer concentrations and velocities at intermediate locations in the pond) 
will be needed for a proper validation of the models. 3D velocity 
measurements could be used for this (e.g. Acoustic Doppler Velocimetry, 
Particle Image Velocimetry, etc.).  
 

 The incorporation of wind measurements as boundary condition into the 
CFD models of large full-scale ponds is also highly recommended for 
future work. However, it demands first a proper methodology to capture 
the wind dynamics which present lots of variability in the Ucubamba WSP.    
 

 The recent incorporation of a continuous system for desludging the ponds 
at Ucubamba WSP would be valuable to validate the sludge accumulation 
rates and predicted profiles in this study by approximation with 
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bathymetric data from the ponds. Furthermore, the sludge composition can 
be properly characterized in order to explore hypothetical beneficial uses of 
the dried sludge. The proper assessment of the sludge accumulation rates 
and composition will be valuable for further designs and improvements in 
existing WSP systems. 
 

 The compartmental model methodology presented in this study needs to 
be extended to other pond systems for further validation of the 
methodology. For this, an adequate construction and validation of CFD 
models is required. The need of experimental data is probably the major 
constraint especially in full scale systems. However, besides to tracer 
techniques, velocity measurements at distinct depths and locations are also 
a very effective experimental data for validation of CFD models. 
 

 Dedicated efforts in data collection are still required to properly calibrate 
WSP models. The modelling exercise executed in the present study showed 
the necessity to describe the daily variations in the phototrophic biomass 
activity. At the present stage, this is the bottleneck identified for an 
appropriate calibration of coupled hydrodynamic-biokinetic models. 
However, now that the model has been set up, tools like sensitivity analysis 
and experimental design can be used to develop a protocol for designing 
measurement campaigns for WSP with the objective of calibrating a model.  
 

 The differences observed in the biokinetic models analysed in this study 
encourages further research in this regard. A proper description of the total 
inorganic carbon available for algae growth, pH and a better description of 
the Nitrogen compounds is recommended.  
 

 The development of a fully calibrated model of an entire WSP is still ahead 
of us. However, if we succeed to achieve this, doors would open for 
improved system operation with regard to process performance, energy 
requirement and carbon footprint.  
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9 Summary 

 

Summary

 

The public sanitation in Ecuador and Latin America still demands vast 
investments in research and development projects. More than 90% of the 
domestic discharges in Ecuador do not receive any treatment. The city of Cuenca 
(450,000 inhabitants) contributes with more than a half of the total wastewater 
treatment of the country. The waste stabilization pond (WSP) technology appears 
as a very convenient solution in tropical developing countries due to the high 
efficiency at low investment, operational and maintenance cost. Nevertheless, 
there is still room to improve the efficiency of these systems in terms of effluent 
quality and energy requirements.  

In WSP systems, the use of mathematical models shows increasing popularity for 
the design of new systems and for improving the understanding of the complex 
biokinetic processes occurring inside. However, the complex bioprocesses and 
hydrodynamics of the WSPs make these systems very difficult to translate into 
accurate mathematical models. The use of Computational Fluid Dynamics (CFD) 
in WSPs is nowadays feasible. However, the computational load of these models is 
very high, especially for full scale systems that are large in nature. The 
incorporation of biokinetic models into the CFD codes is even more demanding 
and would be too slow to reach useful results for improved operation in a 
reasonable time frame. On the other hand, the poor modelling of hydrodynamics 
in simple models (e.g. by using tanks-in-series) is currently not done properly. 

This thesis presents a hydrodynamic study of the full scale Ucubamba WSP 
system in Cuenca, Ecuador which consists of 3 different pond stages: aerated, 
facultative and maturation ponds. Each pond was modelled in CFD considering 
different challenges such as external momentum source by mechanical aerators, 
sludge deposition, severe short circuiting, etc. Based on CFD results, a 
methodology to create compartmental models is presented and the application of 
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the concept is done in maturation pond which was modelled coupling a 
biokinetic model into the compartments.  

Initially, different 3D CFD models (one phase and multiphase) of a 3 ha 
Facultative Aerated Lagoon (FAL) were built. The thrust produced by the aerators 
was modelled by an external momentum source applied as velocity vectors into 
the pond fluid. The results of a single phase model were satisfactorily validated 
against experimental velocities and a residence time distribution RTD curve 
gathered from a tracer study. Subsequently, a scenario analysis assessing several 
aeration schemes with different numbers of aerators in operation were tested with 
respect to velocity profiles and residence time distribution (RTD) curves. This 
analysis showed that the aeration scheme with all 10 aerators switched on 
produces a similar hydraulic behaviour compared to using only 6 or 8 aerators. 
The current operational schemes comprises of switching off some aerators during 
the peak hours of the day and operating all 10 aerators during night. This current 
practice could be replaced by continuously operating 4 or 6 aerators without 
significantly affecting the overall mixing and saving significant costs. 
Furthermore, a continuous mixing regime minimises the sediment oxygen 
demand enhancing the oxygen levels. 

The sludge deposition in the WSP system was studied in the Facultative ponds. 
Sludge accumulation patterns in WSPs are strongly influenced by the pond 
hydrodynamics. CFD modelling was applied to study the relation between 
velocity profiles and sludge deposition during 10 years of operation of the WSP 
system. One tracer experiment was performed and three sludge accumulation 
scenarios based on bathymetric surveys were simulated. A Residence Time 
Distribution (RTD) analysis illustrated the decrease of residence times due to 
sludge deposition. Sludge accumulation rates were calculated. The influence of 
flow pattern on the sludge deposition was studied, enabling better planning of 
future pond operation and desludging. 

However, a further validation of the CFD model strategy is still needed. A more 
sophisticated model that accounts to sludge particles transport should be 
considered. The incorporation of dynamic wind profiles into the CFD model 
boundaries is highly recommended. 
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The advancement of experimental and computational resources has facilitated the 
use of computational fluid dynamics (CFD) models as a predictive tool for mixing 
behaviour in full-scale waste stabilization pond systems. However, in view of 
combining hydraulic behaviour with a biokinetic process model, the 
computational load is still too high for practical use. Based on a validated CFD 
model with tracer experiments, a compartmental model (CM) was development 
to a simpler description of the hydraulics of the full-scale maturation pond (7 ha). 
3D CFD models were validated with experimental data from pulse tracer 
experiments, showing a sufficient agreement. Based on the CFD model results, a 
number of compartments were selected considering the turbulence characteristics 
of the flow, the residence time distribution (RTD) curves and the dominant 
velocity component at different pond locations. The arrangement of 
compartments based on the introduction of recirculation flow rate between 
adjacent compartments, which in turn is dependent on the turbulence diffusion 
coefficient, is illustrated. Simulated RTDs from a systemic tanks-in-series (TIS) 
model and the developed CM were compared. The TIS was unable to capture the 
measured RTD, whereas the CM predicted convincingly the peaks and lags of the 
tracer experiment using only a minimal fraction of the computational demand of 
the CFD model. Finally, a biokinetic model was coupled to both approaches 
demonstrating the impact an insufficient hydraulic model can have on the 
outcome of a modelling exercise. TIS and CM showed drastic differences in the 
output loads implying that the CM approach is to be used when modelling the 
biological performance of the full-scale system. 

Finally, a coupled hydrodynamic-biokinetic models is presented. The ALEX 
model (Alex et al., 2009) and the SAH model (Sah et al., 2010) were integrated 
into two combined rigorous hydraulic-biokinetic models of the full scale 
maturation pond 1. The compartmental model (CM) approach for modelling the 
pond’s hydrodynamics is used as platform to incorporate the two different full 
biokinetic models. Dynamic influent profiles were created using data gathered at 
the Ucubamba WSP. Both models were assessed in terms of total COD, COD 
fractions and biomass outputs, showing similarities in the effluent COD. 
However, the biomass concentrations were predicted dissimilar in both biokinetic 
models, suggesting that default parameters or processes included in the model 
need reconsideration. The behaviour of the models was compared against a simple 
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tank-in-series model (TIS). The TIS model was not able to capture the 
hydrodynamics of the system compared to the CM which performed better.  

The main conclusions of the work, i.e. the compartmental model methodology 
for modelling the hydraulics in large pond systems, the CFD applications to 
different pond stages, etc. are listed together to further research perspectives in 
this field. It is proposed among others, new rigorous CFD models to validate the 
approaches used in this study and to assess different baffling scenarios to improve 
the hydraulics in facultative and maturation ponds; a proper assessment of the 
oxygen levels and the characterization of the biomass in aerated ponds; a further 
effort in build-up influent data which account to the daily variability observed in 
the phototrophic biomass activity and finally a development of new biokinetic 
models which properly account for the carbonaceous system and the nitrogen-
related processes in algae biomass systems. 
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10 Samenvatting 

 

Samenvatting

 

De algemene afvalverwerking in Ecuador en Latijns-Amerika noodzaakt nog 
steeds aanzienlijke investeringen in onderzoeks- en ontwikkelingsprojecten. Meer 
dan 90% van het huishoudelijk afvalwater in Ecuador wordt helemaal niet 
behandeling. Cuenca (een stad van 450 000 inwoners) draagt voor meer dan de 
helft bij aan de totale afvalwaterbehandeling in Ecuador. De technologie van 
afvalwater stabilisatiebekkens (waste stabilization pond, WSP)  is een heel 
geschikte oplossing in tropische ontwikkelingslanden omwille van de hoge 
efficiëntie en lage investerings-, operationele en onderhoudskosten. 
Desalniettemin is er nog ruimte voor een verhoging van de efficiëntie van 
dergelijke systemen op vlak van effluentkwaliteit en energievereisten. 

In WSP systemen wordt steeds vaker gebruik gemaakt van wiskundige modellen, 
zowel voor het ontwerp van  nieuwe systemen als om het inzicht in de complexe 
biokinetische processen te verhogen. Het is echter zeer moeilijk om de complexe 
biologische processen en hydrodynamica te vertalen naar accurate wiskundige 
modellen. Tegenwoordig is het gebruik van numerieke stromingsdynamica 
(Computational Fluid Dynamics, CFD) voor WSP mogelijk. Deze modellen zijn 
echter computationeel enorm veeleisend, in het bijzonder voor systemen op volle 
schaal met grote dimensies. Het opnemen van biokinetische modellen in de CFD 
simulaties vraagt daarbij nog meer rekenkracht waardoor het model te traag zou 
rekenen om bruikbare resultaten voor systeemoptimalisatie te leveren in een 
aanvaardbare tijdspanne. Anderzijds volstaat de huidige modellering van de 
hydrodynamica met behulp van eenvoudige modellen (vb. door het gebruik van 
tanks-in-serie (TIS) modellen) niet. 

Dit doctoraat omvat een hydrodynamische studie van het Ucubamba WSP 
systeem op volle schaal in Cuenca (Ecuador). Het systeem is opgebouwd uit 3 
afzonderlijke bekkens, waarin resp. een aeroob, facultatief aeroob en maturatie 
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proces plaatsvinden. De drie bekkens met elk hun eigen uitdagingen, zoals de 
beluchters als externe bron van momentum, bezinking van slib, aanzienlijke 
kortsluitstromen, enz., werden met behulp van CFD gemodelleerd. Uitgaande 
van deze CFD resultaten werd een methodologie voorgesteld om compartimentele 
modellen te bouwen. Dit concept werd vervolgens toegepast op het 
maturatiebekken, met inbegrip van een biokinetisch model. 

Initieel werden verschillende 3D CFD modellen gebouwd (één of meer fasen) van 
een 3 ha groot aeratiebekken. Hierbij werd de stuwing van de beluchters 
gemodelleerd als een bron van extern momentum via snelheidsvectoren. De 
resultaten van een één fase model werden gevalideerd met experimenteel 
opgemeten snelheden en distributies van de verblijftijd (residence time 
distribution, RTD). Deze analyse toonde aan dat het beluchtingsschema met 10 
actieve beluchters gelijkaardig hydraulisch gedrag veroorzaakt als de situatie 
waarbij slechts 6 of 8 beluchters actief zijn. In de huidige beluchtingsschema’s 
worden tijdens de piekuren steeds enkele beluchters uitgeschakeld. Gedurende de 
nacht worden echter alle 10 beluchters gebruikt. Uit deze studie blijkt dat de 
huidige bedrijfsvoering kan worden vervangen door continu gebruik van 4 tot 6 
beluchters. Dit zal immers geen significante invloed op de menging hebben maar 
wel een significante verlaging van de kosten betekenen. 

De bezinking van het slib in het WSP systeem werd onderzocht in het facultatief 
aerobe bekken. Slibafzetting in WSPs wordt sterk beïnvloed door de 
hydrodynamica. Met behulp van CFD modellering werd het verband tussen 
snelheidsprofielen en bezinking gedurende een werkingsperiode van 10 jaar  
bestudeerd. Hiervoor werd een tracer experiment uitgevoerd en werden 3 
scenario’s voor de slibaccumulatie, gebaseerd op bathymetrische experimenten, 
gesimuleerd. Een RTD analyse illustreerde de afname van de verblijftijd door 
slibafzetting. De snelheid van slibaccumulatie werd berekend en de invloed van 
stromingspatronen op de afzetting van slib werd onderzocht. Dit maakt een betere 
planning voor de werking van de bekkens en slibverwijdering mogelijk in de 
toekomst. Desondanks is een verdere validatie van de CFD modelstructuur nog 
steeds noodzakelijk. Een complexer model dat rekening houdt met het transport 
van slibdeeltjes kan hierbij beschouwd worden. Het includeren van dynamische 
windprofielen als randvoorwaarde in het CFD model wordt sterk aangeraden. 
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De uitbreiding van experimentele en computationele mogelijkheden hebben het 
gebruik van CFD voor de voorspelling van het menggedrag in volleschaal WSPs 
sterk vereenvoudigd. De computationele belasting voor een model dat een 
hydraulisch model combineert met een biokinetisch model is echter nog steeds te 
hoog voor praktische toepassingen. Om hieraan tegemoet te komen werd op basis 
van het gevalideerde CFD model een compartimenteel model (CM) ontwikkeld. 
Dit model geeft een eenvoudigere beschrijving van de stroming in het volleschaal 
maturatiebekken (7 ha). 3D CFD modellen werden gevalideerd met behulp van 
experimentele data uit puls tracer experimenten en toonden voldoende 
overeenstemming. Op basis van de modelresultaten werd het aantal 
compartimenten geselecteerd rekening houdend met de turbulentie van de 
stroming, de RTD curves en de dominante stromingscomponent op verschillende 
locaties in het bekken. De configuratie van de compartimenten is gebaseerd op de 
gebruikte recirculatiedebieten tussen de aangrenzende compartimenten welke op 
hun beurt afhankelijk zijn van de turbulente diffusiecoëfficiënt. Gesimuleerde 
RTDs van een TIS model en het ontwikkelde CM werden vergeleken. Het TIS 
model was niet in staat de opgemeten RTD te verklaren. Het CM model 
daarentegen slaagde er wel in de pieken en lags goed te voorspellen hierbij gebruik 
makend van slechts een fractie van de computationele belasting van het CFD 
model. Uiteindelijk werden beide benaderingen gekoppeld aan een biokinetisch 
model om de invloed van een ontoereikend hydraulisch model op de resultaten 
van een modelsimulatie aan te tonen. TIS en CM toonden drastische verschillen 
in de resultaten, wat impliceert dat het CM te verkiezen is bij het modelleren van 
de biologische prestaties van het volleschaal systeem. 

Uiteindelijk werd een gekoppeld hydrodynamisch-biokinetisch model 
voorgesteld. Twee volwaardige biokinetische modellen: het ALEX model (Alex et 
al., 2009) en het SAH model (Sah et al., 2010) werden geïntegreerd met het 
compartimentele model tot twee gedetailleerde hydraulisch-biokinetische 
modellen voor het eerste volleschaal maturatiebekken. Een dynamische influent 
karakterisatie werd uitgevoerd op basis van data verzameld in het Ucubamba 
WSP. Beide modellen werden geëvalueerd m.b.t. totale COD, COD fracties en 
biomassa in het effluent. De resultaten voor COD in het effluent waren 
vergelijkbaar. De biokinetische modellen voorspelden echter verschillende 
biomassaconcentraties, wat doet vermoeden dat standaard parameterwaarden of 
standaard processen geïncorporeerd in het model moeten herbekeken worden. 



Samenvatting 

168 
 

Beide modellen werden vergeleken met een eenvoudig TIS model. Het TIS model 
was niet in staat de hydrodynamica van het systeem te beschrijven, vergeleken met 
het CM, dat beter presteerde. 

De algemene conclusies van dit werk, i.e. de compartimentele methode voor het 
modelleren van de hydrodynamica van grote bekkens, de toepassing van CFD op 
de verschillende bekkens enz. werden opgelijst samen met de perspectieven voor 
verder onderzoek in dit domein. Volgende suggesties voor verder onderzoek 
worden gemaakt: het gebruik van nieuwe, gedetailleerde CFD modellen om de 
werkwijze uit deze studie te valideren en verschillende scenario’s voor de plaatsing 
van tussenschotten te bestuderen; een goede beoordeling van de zuurstofgehaltes 
en de karakterisatie van de biomassa in de beluchte bekkens; een verdere 
inspanning in het opbouwen van influent data die rekening houden met de 
geobserveerde dagelijkse variatie in de activiteit van fototrofe biomassa en finaal 
een ontwikkeling van nieuwe biokinetische modellen die de koolstof- en 
stikstofgebaseerde processen in algenbiomassa beschouwt. 
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11 Appendix 

 

Appendix A: 

Alex WSP model 

Name Value Group Description 
Iam_A 0.088 Kinetic light extinction factor algae 

Iam_COD 0.03 Kinetic light extinction factor organic matter 
(0.05) 

Iam_W 0.2 Kinetic light extinction of water 
Iam_XMI 0.03 Kinetic light extinction factor XMI (0.052) 
KHco2 3.5e-005 Kinetic Henry constant (25oC) 
KNH_alg 0.1 Kinetic swith constant 
KN_alg 0.05 Kinetic nitrogen half saturation constant algae 

KO_alg 0.2 Kinetic 
half saturation constant (SO) for 
respiration rate 

K_CO2 0.001 Kinetic half sat coef CO2 for algae growth 

K_H_ALK 0.1 Kinetic Saturation coefficient for alkalinity 
(HCO3-) 

K_H_NH4 0.01 Kinetic Saturation/inhibition coefficient for 
ammonium (nutrient) 

K_H_NO3 0.5 Kinetic 
Saturation/inhibition coefficient for 
nitrate 

K_H_O2 0.2 Kinetic Saturation/inhibition coefficient for 
oxygen, het growth 

K_H_SS 10 Kinetic 
Saturation/inhibition coefficient for 
readily biodegradable substrates 

K_H_STO 0.1 Kinetic 
0.1 Saturation coefficient for storage 
products 

K_I 140 Kinetic inhibition constant light (140 Qual2K) 

K_N_ALK 0.5 Kinetic 
Saturation coefficient for alkalinity 
(HCO3-) aut growth 

K_N_NH4 0.7 Kinetic 
(>1) Saturation coefficient for 
Ammonium (substrate) aut growth 

K_N_O2 0.5 Kinetic 
Oxygen saturation for nitrifiers (aut 
growth) 

K_X 1 Kinetic Saturation/inhibition coefficient for 
particulate COD 

K_h20 9 Kinetic Hydrolysis rate constant at 20oC 

Xco2 0.00038
5

Kinetic CO2 concentration gas phase (volume 
ratio) 
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Name Value Group Description 
Y_A 0.24 Stoichiometry Yield of autotrophic biomass 

Y_H_aer 0.8 Stoichiometry 
Aerobic yield of heterotrophic biomass 
per X_STO 

Y_H_anox 0.7 Stoichiometry (0.65) Yield coefficient for heterotrohs 
in anoxic growth 

Y_STO_aer 0.8375 Stoichiometry (0.8) Yield coefficient for STO in 
aerobic growth 

Y_STO_anox 0.803 Stoichiometry 
(0.7) bzw 0.72 Yield coefficient for 
STO in anoxic growth 

a_kla20 1.8 Operational Specific oxygen input 
b_AUT20 0.18 Kinetic Decay rate of X_A at 20oC 

b_H20 0.33 Kinetic 
Rate constant for Lysis and decay at 
20oC 

b_alg 0.1 Kinetic respiration rate algae 
eta_CO2 0.9 Kinetic reduction of klaO2 to CO2 
eta_HNO3 0.5 Kinetic 0.5 reduction factor for denitrification 

eta_Hend 0.5 Kinetic 
(0.33) Reduction factor for b_H under 
anoxic conditions 

eta_Nend 0.5 Kinetic Reduction factor for b_AUT under 
anoxic conditions 

f_S_I 0 Stoichiometry Production of S_I in hydrolysis 

f_X_I 0.2 Stoichiometry Fraction of inert COD generated in 
biomass lysis 

f_X_I_alg 0.2 Stoichiometry   
h 1.8 Operational Water depth 
iC_COD 0.0313 Stoichiometry C to COD ratio of substrates (1/32) 
iO2alg 1 Stoichiometry -- 
i_N_BM 0.08 Composition parameters N content of biomass X_H, X_A 
i_N_S_I 0.01 Composition parameters N content of S_I (inert soluble COD) 

i_N_S_S 0.03 Composition parameters 
N content of S_S (readily biodegradable 
substrate) 

i_N_X_I 0.045 Composition parameters N content of X_I 
i_N_X_S 0.03 Composition parameters N content of X_S 
i_TSS_BM 0.9 Composition parameters TSS to COD ratio for biomass XH, XA 
i_TSS_STO 0.6 Composition parameters TSS to COD ratio for STO 
i_TSS_XI 0.75 Composition parameters TSS to COD ratio for XI 
i_TSS_XS 0.75 Composition parameters TSS to COD ratio for XS 
k_alg 0.1 Kinetic decay rate algae 
k_sto20 12 Kinetic Max storage rate at 20oC 
muALG 2.5 Kinetic growth rate of algae 

mu_AUT20 1.12 Kinetic Autotrophic max. growth rate of X_A at 
20o 

mu_H20 3 Kinetic max. growth rate on substrate at 20oC 
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Processes Rate 
ρ1  

Kh20 ∙ ft04 ∙
XS
XH

∙ KX
XS
XH

∙ XH  

ρ2  ksto ∙
SO

KHO2 SO
∙

SS
KHSS SS

∙ XH  

ρ3  ksto ∙ etaHNO3 ∙
KH02

KHO2 SO
∙

SNO
KHNO3 SNO

∙
SS

KHSS SS
∙ XH  

ρ4   
muH ∙

SO
KHO2 SO

∙
SNH

KHNH4 SNH
∙

SALK
KHALK SALK

∙
XSTO
XH

∙ KHSTO
XSTO
XH

∙ XH  

ρ 5   
muH ∙ etaHNO3 ∙

KHO2
KHO2 SO

∙
SNO

KHNH3 SNO
∙

SNH
KHNH4 SNH

∙
SALK

KHALK SALK
∙
XSTO
XH

∙ KHSTO
XSTO
XH

∙ XH  

r 10  muAUT ∙
SO

KNO2 SO
∙

SNH
KNNH4 SNH

∙
SALK

KNALK SALK
∙ XA  

r 11   bAUT ∙
SO

KHO2 SO
∙ XA  

r 12   	bAUT ∙ etaNend ∙
KHO2

KNO2 SO
∙

SNO
KHNO3 SNO

∙ XA  

r 13   
fTs ∙ akla20 ∙ SOsat SO  

r 14   fTs ∙ akla20 ∙ 	etaCO2 ∙ SCO2S CO2  

r 15   
muALG ∙ fTalg ∙

SNH
KNHalg SNH

∙ KCO2 CO2 ∙ XALG  

r 16   
muALG ∙ fTalg ∙

SNO
KNalg SNO

∙
KNHalg

KNHalg SNH
∙ KCO2 CO2 ∙ XALG  

r 17   
balg ∙ fTalg ∙

SO
KOalg SO

∙ XALG  

r 18   kalg ∙ fTalg ∙ XALG  

r 6  bH ∙
SO

KH02 SO
∙ XH  

r 7  bH ∙ etaHend ∙
kHO2

KHO2 SO
∙

SNO
KHNO3 SNO

∙ XH  

r 8  bH ∙
SO

KH02 SO
∙ XSTO  

r 9  bH ∙ etaHend ∙
kHO2

KHO2 SO
∙

SNO
KHNO3 SNO

∙ XSTO  
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Appendix B: 

Sah WSP model 

Parameters Description Value Unit 

ALG  Maximum growth rate of Algae 2 1/d 

NHALGK  Saturation/inhibition of SNH for Algae 0.01 gN/m3 

NOALGK  Saturation/inhibition of SNO for alga   0.01 gN/m3 

ALGb  Decay rate of Algae 0.1 1/d 

A  Maximum growth rate of XA 2 1/d 

OAK  Saturation/inhibition coefficient of oxygen for XA 0.5 gO2/m3 

NHAK  Saturation/inhibition coefficient of SNH for XA 0.2 gN/m3 

Ab  Decay rate of XA 0.015 1/d 

H  Maximum growth rate of XH 6 1/d 

SAHK  Saturation/inhibition coefficient of SA for XH 4 gCOD/m3 

OHK  Saturation/inhibition coefficient of oxygen for XH 0.2 gO2/m3 

NHHK  Saturation/inhibition coefficient of SNH for XH 0.05 gN/m3 

SFHK  Saturation/inhibition coefficient of SF for XH 3 gCOD/m3 

NOHK  Saturation/inhibition coefficient of SNO for XH 0.5 gN/m3 

H  Correction factor for anoxic growth of  XH 0.8 [-] 

Hb  Decay rate of XH 0.4 1/d 

FB  Maximum growth rate of XFB 6 1/d 

SFBK  Saturation/inhibition coefficient of SF for XFB 28 gCOD/m3 

OFBK  Saturation/inhibition coefficient of SO for XFB 0.2 gO2/m3 

NOFBK  Saturation/inhibition coefficient of SNO for XFB 0.5 gN/m3 

NHFBK  Saturation/inhibition coefficient of SNH for XFB 0.01 gN/m3 

FBb  Decay rate of XFB 0.02 1/d 

ASRB  Maximum growth rate of XASRB 0.18 1/d 
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Parameters Description Value Unit 

SASRBK  Saturation/inhibition coefficient of SA for XASRB 24 gCOD/m3 

OASRBK  Saturation/inhibition coefficient of SO for XASRB 0.0002 gO2/m3 

SOASRBK  Saturation/inhibition coefficient of SSO4 for XASRB 19 gS/m3 

NOASRBK  Saturation/inhibition coefficient of SNO for XASRB 0.0005 gN/m3 

NHASRBK  Saturation/inhibition coefficient of SNH for XASRB 0.01 gN/m3 

ASRBb  Decay rate of XASRB 0.012 1/d 

AMB  Maximum growth rate of XAMB 0.085 1/d 

OAMBK  Saturation/inhibition coefficient of SO for XAMB 0.0002 gO2/m3 

NOAMBK  Saturation/inhibition coefficient of SNO for XAMB 0.0005 gN/m3 

SAMBK  Saturation/inhibition coefficient of SA for XAMB 56 gCOD/m3 

NHAMBK  Saturation/inhibition coefficient of SNH for XAMB 0.01 gN/m3 

MBb  Decay rate of XAMB 0.008 /d 

XK  Saturation/inhibition coefficient for hydrolysis 0.1 
gCODSF/gC

ODBM 

h  Hydrolysis rate 3 1/d 

h  
Correction factor for hydrolysis by fermenting 
bacteria 

0.1 [-] 

ecolib  Decay rate of E.coli 0.25 1/d 

T  Temperature of the pond 29 0C 

  Temperature coefficient 1.07 [-] 

K  Reaeration coefficient 0.09 m/d 
SC  Saturation concentration of oxygen  7.75  gO2/m3 

C  Actual concentration of oxygen variable gO2/m3 

OI  Irradiance at surface variable μE/m2.s 

k  Light extinction coefficient 13 m-1 

z  depth variable m 

zI  Irradiance at depth z  variable μE/m2.s 

KI  Saturation/inhibition coefficient for light 198 μE/m2.s 
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Stoichiometric 
parameters 

Description Unit Value 

HY  Yield factor for XH gCOD BM/gCOD SF 0.63 

AY  Yield factor for XA gCOD BM /gN 0.24 

AMBY  Yield factor for XAMB gCOD BM /gCOD SA  

FBY  Yield factor for XFB gCOD BM/gCOD SF 0.053 

ASRBY  Yield factor for XASRB gCOD BM/gCOD SA 0.05 

1pf  
Fraction of X I formed during decay of 

algae 
gCOD XI/gCOD ALG 0.1 

2pf  
Fraction of XI formed during decay of 

bacteria 
gCOD XI/gCOD BM 0.1 

SIf  Fraction of SI  formed during hydrolysis gCOD SI/gCOD XS 0 

NBMi  Fraction of nitrogen in bacteria gN/gCOD BM 0.07 

NALGi  Fraction of nitrogen in algae gN/gCODALG 0.063 

NXSi  Fraction of nitrogen in XS gN/gCODXS 0.04 

NXIi  Fraction of nitrogen in XI gN/gCODXI 0.03 

NSIi  Fraction of nitrogen in SI gN/gCODSI 0.01 

NSFi  Fraction of nitrogen in SF gN/gCODSF 0.03 

 

State variables Mathematical equation 

Arrhenius Equation for temperature dependency )20()(  TTf   

Attenuation of light 
z

z

IKI

I
Lf


)(  

Lambert Beer law )( zk
oz eII   
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Appendix C: 

Characterizations 

 

 

 

Sample origin: Waste stabilization ponds Ucubamba - Cuenca - Azuay
Source type: Maturation pond 1 influent
Sampling and analysis dates: December 13th, 2010
Analysis requested by: Ing. Andrés Alvarado M.

00:00 02:00 04:00 06:00 08:00 10:00 12:00 14:00 16:00 18:00 20:00 22:00
02:00 04:00 06:00 08:00 10:00 12:00 14:00 16:00 18:00 20:00 22:00 00:00

Total Solids (TS) 330 358 320 350 322 324 328 335 347 330 322 318 mg/l
Total Suspended Solids (TSS) 46 52 47 62 55 53 52 57 65 57 52 48 mg/l
Total Dissolved Solids (TDS) 284 306 273 288 267 271 276 278 282 273 270 270 mg/l
Total Fixed Solids (TFS) 234 230 231 244 202 220 210 233 238 216 216 212 mg/l
Total Volatile Solids (TVS) 96 128 89 106 120 104 118 102 109 114 106 106 mg/l
Fixed Suspended Solids (FSS) 5 4 3 11 10 6 9 6 4 7 7 4 mg/l
Volatile Suspended Solids (VSS) 41 48 44 51 45 47 43 51 61 50 45 44 mg/l
Volatile Dissolved Solids (VSS) 55 80 45 55 75 57 75 51 48 64 61 62 mg/l
Fixed Dissolved Solids (FDS) 229 226 228 233 192 214 201 227 234 209 209 208 mg/l
Nitrites NO2 4.04 7.68 7.67 5.26 5.05 3.23 4.85 1.61 4.04 8.08 5.25 6.06 g- N/l
Nitrates NO3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 mg-N/l
Biochemical Oxygen Demand (BOD) 31.48 34.65 34.05 46 34.02 31.95 31.98 37 48.15 29.85 29.7 31.05 mg/l
Chemical Oxygen Demand (COD) 92.87 126.5 104.8 122.5 120.5 124.5 120.5 126.5 138.3 118.6 150.2 102.8 mg/l

SANITARY LABORATORY - ENGINEERING FACULTY -WATER ANALYSIS REPORT

PARAMETERS / sampling intervals: UNITS

Sample origin: Waste stabilization ponds Ucubamba - Cuenca - Azuay
Source type: Maturation pond 1 effluent
Sampling and analysis dates: December 15th, 2010
Analysis requested by: Ing. Andrés Alvarado M.

00:00 02:00 04:00 06:00 08:00 10:00 12:00 14:00 16:00 18:00 20:00 22:00
02:00 04:00 06:00 08:00 10:00 12:00 14:00 16:00 18:00 20:00 22:00 00:00

Total Solids (TS) 330 356 324 300 334 350 324 356 340 349 324 378 mg/l
Total Suspended Solids (TSS) 37 37 33 26 30 33 41 55 35 41 30 38 mg/l
Total Dissolved Solids (TDS) 293 319 291 274 304 317 283 301 305 308 294 340 mg/l
Total Fixed Solids (TFS) 208 256 214 212 242 234 226 222 236 245 224 266 mg/l
Total Volatile Solids (TVS) 122 100 110 88 92 116 98 134 104 104 100 112 mg/l
Fixed Suspended Solids (FSS) 7 0 2 0 1 2 6 8 0 3 3 4 mg/l
Volatile Suspended Solids (VSS) 30 37 31 26 29 31 35 47 35 38 27 34 mg/l
Volatile Dissolved Solids (VSS) 92 63 79 62 63 85 63 87 69 66 73 78 mg/l
Fixed Dissolved Solids (FDS) 201 256 212 212 241 232 220 214 236 242 221 262 mg/l
Nitrites NO2 5.25 3.64 4.04 3.23 4.04 5.36 4.04 4.55 3.64 5.66 2.83 4.04 g- N/l
Nitrates NO3 0.01 0 0 0.03 0.06 0.09 0.1 0.16 0.1 0.01 0.06 0.19 mg-N/l
Biochemical Oxygen Demand (BOD) 15.87 10.42 15.68 17.7 17.4 11.5 8.59 20.64 11.06 10.87 9.85 13.8 mg/l
Chemical Oxygen Demand (COD) 98 94 92 88 96 82 70 126 104 108 98 108 mg/l

SANITARY LABORATORY - ENGINEERING FACULTY -WATER ANALYSIS REPORT

PARAMETERS / sampling intervals: UNITS
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Sample origin: Waste stabilization ponds Ucubamba - Cuenca - Azuay
Source type: Maturation pond 1 influent
Sampling and analysis dates: July 18th, 2011
Analysis requested by: Ing. Andrés Alvarado M.

00:00 02:00 04:00 06:00 08:00 10:00 12:00 14:00 16:00 18:00 20:00 22:00
02:00 04:00 06:00 08:00 10:00 12:00 14:00 16:00 18:00 20:00 22:00 00:00

Total Solids (TS) 270 260 284 308 320 298 246 270 300 288 294 336 mg/l
Total Suspended Solids (TSS) 35 38 33 36 33 34 36 39 32 33 31 35 mg/l
Total Dissolved Solids (TDS) 235 222 251 272 287 264 210 231 268 255 263 301 mg/l
Total Fixed Solids (TFS) 206 196 194 218 228 216 180 170 224 210 216 212 mg/l
Total Volatile Solids (TVS) 64 64 90 90 92 82 66 100 76 78 78 124 mg/l
Fixed Suspended Solids (FSS) 6 8 5 5 4 5 8 6 5 6 5 7 mg/l
Volatile Suspended Solids (VSS) 29 30 28 31 29 29 28 33 27 27 26 28 mg/l
Volatile Dissolved Solids (VSS) 35 34 62 59 63 53 38 67 49 51 52 96 mg/l
Fixed Dissolved Solids (FDS) 200 188 189 213 224 211 172 164 219 204 211 205 mg/l
Chloride 36 36.5 36 37 36 36 35.5 37 37 35.5 37 35 mg/l
Dissolved orthophosphates 1.07 1.11 1.1 1.12 1.15 1.13 1.16 1.16 1.15 1.13 1.12 1.11 mg-P/l
Total orthophosphates 1.91 1.98 2.01 2.38 2.15 2.37 2.13 2.1 2.3 1.95 1.96 1.99 mg-P/l
Nitrites NO2 46.87 45.25 44.84 42.01 40 38.78 20.6 26.26 21.41 34.35 33.94 36.77 g- N/l
Nitrates NO3 0.0 0 0.0 0.0 mg-N/l
Biochemical Oxygen Demand (BOD) 13.87 17.62 18.95 15.87 15.47 13.3 17.65 23.87 14.87 16.15 15.67 18.23 mg/l
Chemical Oxygen Demand (COD) 54 116 64 72 52 64 58 54 86 40 54 52 mg/l

SANITARY LABORATORY - ENGINEERING FACULTY -WATER ANALYSIS REPORT

PARAMETERS / sampling intervals: UNITS

Sample origin: Waste stabilization ponds Ucubamba - Cuenca - Azuay
Source type: Maturation pond 1 effluent
Sampling and analysis dates: July 20th, 2011
Analysis requested by: Ing. Andrés Alvarado M.

00:00 02:00 04:00 06:00 08:00 10:00 12:00 14:00 16:00 18:00 20:00 22:00
02:00 04:00 06:00 08:00 10:00 12:00 14:00 16:00 18:00 20:00 22:00 00:00

Total Solids (TS) 308 322 350 294 280 266 280 300 286 294 292 286 mg/l
Total Suspended Solids (TSS) 34 36 32 32 34 31 32 29 34 33 30 29 mg/l
Total Dissolved Solids (TDS) 274 286 318 262 246 235 248 271 252 261 262 257 mg/l
Total Fixed Solids (TFS) 230 214 212 206 198 206 202 220 210 216 214 198 mg/l
Total Volatile Solids (TVS) 78 108 138 88 82 60 78 80 76 78 78 88 mg/l
Fixed Suspended Solids (FSS) 8 5 6 4 6 6 2 1 7 10 3 4 mg/l
Volatile Suspended Solids (VSS) 26 31 26 28 28 25 30 28 27 23 27 25 mg/l
Volatile Dissolved Solids (VSS) 52 77 112 60 54 35 48 52 49 55 51 63 mg/l
Fixed Dissolved Solids (FDS) 222 209 206 202 192 200 200 219 203 206 211 194 mg/l
Chloride 36 38 35.5 38 38.5 37.5 37.5 38.5 36 37.5 38.5 37 mg/l
Dissolved orthophosphates 1.83 1.2 1.55 1.16 1.3 1.15 1.26 1.21 2.3 1.17 2.07 1.18 mg-P/l
Total orthophosphates 2.08 1.93 2.04 2 2.03 2.18 2.01 1.82 2.97 2.27 2.71 1.91 mg-P/l
Nitrites NO2 50.1 48.48 48.48 56.16 54.95 56.96 53.33 50.5 49.69 48.88 49.29 51.71 g- N/l
Nitrates NO3 0.0 0 0.0 0.0 mg-N/l
Biochemical Oxygen Demand (BOD) 8.33 7.15 6.74 7.85 8.6 6.8 8.59 9.51 6.08 9.05 9.27 7.66 mg/l
Chemical Oxygen Demand (COD) 56 46 78 60 46 50 52 68 58 48 70 50 mg/l

SANITARY LABORATORY - ENGINEERING FACULTY -WATER ANALYSIS REPORT

PARAMETERS / sampling intervals: UNITS
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