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ABSTRACT

A mathematical model is developed in order to describe the Anaerobic Wastewater Treatment in a UASB (Up-Flow Anaerobic Sludge Bed Reactor) system; the model describes biological and physical processes that take place inside the reactor. The model includes the water flow through the reactor, the mixing effect (dispersion), and the degradation rate, which is assumed to be a first order reaction. The modeling is focused in the study of dispersion in the reactor and mass transfer between the sludge-bed particles and the organic matter dissolved in the bulk water. To describe the dispersion effect on the performance of UASB reactor several relationships taken from the literature were used; they address the influence of operational parameters on dispersion, such as water flow regime and gas flow. The dimensionless Peclet number was used to express the dispersion in the reactor. On the other hand, the kinetic constant was studied by taking into account the sludge-bed particle as a biocatalyst. The estimation of reaction rate constant value was done by considering the following: the particle size, particle effective diffusivity, water flow regime, and mass transfer coefficient between the particle surface and bulk water.
An analysis of the parameters values used in the empirical relationships was developed to establish its applicability range in the simulations. Several simulations were done to study the influence of the main parameters on the treatment. The values for these parameters were taken from experimental works. The results of simulations were in agreement with the literature data.

Keywords: Anaerobic Wastewater Treatment; Up flow Anaerobic Sludge Bed Reactor; Mathematical modeling; Dispersion; Reaction rate constant
RESUMEN

Un modelo matemático es formulado a fin de describir el Tratamiento Anaeróbico de Aguas Residuales en un sistema RALLFA (Reactor Anaeróbico de Lechos de lodos de Flujo Ascendente), el modelo describe los procesos tanto físicos como biológicos que tienen lugar dentro del reactor. El mencionado modelo incluye el flujo de agua residual a través del reactor, el efecto de agitación (dispersión), y la velocidad de degradación, la cual asumimos que es de primer orden. El modelo está enfocado en el estudio de la dispersión en el reactor y la transferencia de masa entre las partículas de lodo y la materia orgánica disuelta en el agua residual. Con el objeto de describir el efecto de la dispersión en el funcionamiento de un reactor RALLFA, se usaron varias expresiones de la literatura, las cuales relacionan la influencia de parámetros operacionales en la dispersión, tales como régimen de flujo y flujo de gas. El número de Peclet (número adimensional) fue utilizado para describir la dispersión en el reactor. Por otro lado, la constante de reacción se estudió tomando en cuenta el tamaño de las partículas de lodo, la difusividad efectiva de la partícula, el régimen de flujo y el coeficiente de transferencia de masa entre la superficie de la partícula y el agua residual.
Un análisis de los parámetros usados en las ecuaciones empíricas fue efectuado para establecer los rangos de aplicabilidad de los mismos en las simulaciones. Algunas simulaciones se realizaron para estudiar la influencia de los parámetros más importantes en el tratamiento de las aguas residuales. Los valores de los mencionados parámetros fueron tomados de la literatura basados en trabajos experimentales. Los resultados de las simulaciones estuvieron acordes a los valores de la literatura
Palabras claves: Tratamiento Anaeróbico de Aguas Residuales; Reactor Anaeróbico de Lecho de lodos de Flujo Ascendente; Modelación Matemática; Dispersion; Constante de velocidad de reacción
EXECUTIVE SUMMARY

The study of Anaerobic Technologies as a new alternative for wastewater treatment is encouraged all over the world since the high rate bioreactors appearing. The study of Anaerobic Treatment process is necessary to understand how the system operates. The most widely used bioreactor (UASB) is analyzed by taking into account its most important features. The UASB reactor is typically a large cylinder which comprises three components such as: Sludge bed, Sludge Blanket and Sedimentation zone. Wastewater enters into reactor from the bottom and flows upward through the sludge bed which consists of granular particles. Chemical, physical and biological processes to deplete the organic matter concentration take place in the sludge bed. The system needs to be operated at adequate operational conditions to achieve a good performance. 
In the modeling, the anaerobic degradation process inside the reactor is described by a differential equation. This equation estimates the depletion of organic matter concentration in a differential element by taking into account the processes of dispersion, convection and reaction.
Each one of the mentioned process was studied in detail by means of its particular parameter which itself describes the processes above mentioned. These parameters are: Peclet number, upflow velocity and reaction rate constant.
The analysis showed Peclet number as a good describer for dispersion effect, the effect of gas flux on dispersion was important as well. To complete the analysis of dispersion, an empirical equation which relates the flow regime to dispersion was considered.

The mass transfer between individual particles in the sludge bed and organic matter concentration was assessed. The expression describing the reaction-diffusion process in biocatalyst particles were used and the expression was solved considering that the sludge-bed particle is surrounded by a liquid film. This solution was, in turn used to estimate the reaction rate in the sludge bed. This estimation was done by taking into account the number of particles per unit sludge bed volume and the mass flow rate in an individual particle.
The impact of the three parameters mentioned above was evaluated varying the value of one parameter and remaining the other two constant. The results obtained seemed to present good predictions. In addition, the model was used to do simulations to verify the model useful and the results were promissory. 

The model was able to adapt values from the literature and also the assumptions that have done worked out.
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INTRODUCTION

1.1 Background

The need to provide good sanitation conditions for people in developing countries aims at introducing new and sustainable technologies, which could be applied at low investment costs and easier operational conditions. It is known that conventional aerobic systems require higher amounts of capital resources and larger area requirements in comparison with anaerobic treatment systems.

The anaerobic treatment technology has been successfully applied in treatment of industrial wastewaters. This great success in the development of wastewater technology can be attributed to the introduction of innovative bioreactors, i.e., anaerobic fixed, anaerobic fluidized bed, and UASB reactors (Uemura and Harada, 2000). 

Anaerobic degradation systems are efficient in a) stabilizing biodegradable organic matter, consequently as a pre-treatment method for wastewaters etc, b) the generation of an energy carriers like CH4 and possibly H2 or even the direct generation of electricity, c) making nutrients available (fertilizers) and elementary sulfur and d) producing valuable organic soil conditioners (Lettinga, 2005).

Nowadays the usage of anaerobic technology has extended to the treatment of domestic wastewater and sewage with good results. UASB reactor is part of the new generation of “high rate” reactors. It is a suitable alternative in the sanitation field in developing countries, because of its high organic matter removal and less energy requirements.

The UASB reactor is so far the most widely used high rate anaerobic system for sewage treatment (van Haandel et al., 2006). In the present time there are some examples of full-scale UASB digesters treating municipal wastewater in tropical countries where wastewater temperature is above 25 ºC, such as Brazil, Colombia or India (Álvarez et al., 2006).
The feasibility of the UASB reactor for sewage treatment has been investigated at low temperatures, from 25 ºC to 13 ºC. The results showed a good performance (Uemura and Harada, 2000). In that sense the applicability of this system should be considered as a good alternative in developing countries especially with hot climate (Latin and Central America), but may be also applied at low temperatures. The UASB reactor combines a low level of mechanization with a high purification performance.
The present study attempts to show a simple but complete description of an UASB reactor and its main characteristics. The model has been developed taken into account former researches and been focused on the study of the hydro-dynamics and microbiological processes inside the reactor.
1.2 Objectives

· The main objective of the present project is to develop a model for describing the UASB system, including the physical, chemical and biological processes inside the reactor. 
· The model could be used as a tool for design this type of reactor and anaerobic wastewater treatment processes in general. 
1.3 Outline of report

First chapter is an introductory part; it contains information about anaerobic treatment systems and their use, UASB reactor and some important developments in anaerobic treatment field. Second chapter makes a brief, but complete description of anaerobic digestion; it takes into account processes, technologies and uses. In addition, there is an explanation about UASB concept, its operational process, dispersion, rate reaction constant, application, and new developments in basis of a UASB reactor. Third chapter describes the system to be studied, and the development of the model. Fourth chapter details the situations to be modeled; there is a physical explanation of calculated cases (taken into account operational parameters such as: Peclet number, up flow velocity or hydraulic retention time (HRT), and rate reaction constant), the values of the parameters used are also indicated. Fifth chapter presents the obtained results by using mainly curves and tables; it point out the most observed tendencies in the model and discussions about relevant aspects. Sixth chapter presents conclusions about our system. 
 
[image: image2]
Figure 1.1 Outline report scheme
2 The UASB reactor
2.1 ANAEROBIC TREATMENT

Anaerobic wastewater treatment is the biological treatment of wastewater without the use of air or elemental oxygen. Many applications are directed towards the removal of organic pollution in wastewater, slurries and sludge. 

In Anaerobic digestion, only around 3 percent of the organic matter present in waste water is converted to cell mass, and in conventional aerobic metabolism about 67 percent of the organic matter is converted to cell mass by a process called anabolism (van Haandel and Lettinga, 1994). Table 2.1 describes the anaerobic treatment advantages and disadvantages.
Table 2.1 Advantages and disadvantages of anaerobic processes compared with aerobic processes (Tchobanoglous et al., 2003)

	Advantages
	Disadvantages

	Less energy required
	Longer start-up time to develop necessary biomass inventory

	Less biological sludge production
	May require alkalinity addition

	Fewer nutrients required
	May require further treatment with an anaerobic treatment process to meet discharge requirements

	Methane production, a potential energy source
	Biological nitrogen and phosphorus removal is not possible

	Smaller reactor volume required
	Much more sensitive to the adverse effect of lower temperatures on reaction rates

	Elimination of off-gas air pollution
	May be more susceptible to upsets due to toxic substances

	Rapid response to substrate addition after long periods without feeding
	Potential for production of odors and corrosive gases


In anaerobic degradation, the organic matter is transformed by several groups of microorganisms (hydrolyzing, acidogenic and acetogenic bacteria). In general, anaerobic processes consist in four main steps: hydrolysis, acidogenesis, acetogenesis, and methanogenesis.
Hydrolysis has a great importance in the overall process kinetics, in general, hydrolysis was found to be the rate limiting step for the conversion of carbohydrates (Miron et al., 2000). As a general conclusion: for easily fermentable materials, the limiting step in the fermentation process is generally the methanogenic step (Soto et al., 1993); while for the anaerobic digestion of complex wastewaters, containing lipids and cellulose, the limiting step of the process is often the hydrolytic step (Seghezzo, 2004). A schematic diagram of the process is shown in Figure 2.1
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Figure 2.1 Anaerobic process schematic of hydrolysis, acidogenesis, acetogenesis and methanogenesis

Hydrolysis rate in anaerobic systems is usually described as a first order process (Mahmoud et al., 2003; Seghezzo, 2004; Gonzalez et al., 2005) with respect to the concentration of degradable particulate organic matter. Many models are based in Monod type models using the relation proposed by Michaelis-Menten.

Anaerobic digestion depends strongly on the temperature and pH. In general, the optimum temperature is 35-40 °C for mesophilic microorganisms and about 55 °C for thermophilic conditions (van Haandel and Lettinga, 1994). Methanogenesis achieves a high rate when the pH is maintained in the neutral range; i.e., between 6.3 and 7.8, out of these values, the rate decreases (Seghezzo, 2004).
There is a wide variety of anaerobic digesters and different criteria are used for its classification. According the hydraulic retention time, HRT, they may be classified in low, high and ultrahigh rate reactors. The way in which the biomass is available in the process may also be used as criterion; attached on a support, suspended in the medium, or in granular sludge particles. Reactors with biomass in form of granules will be addressed in this document. The development of this kind of reactors started with the Up flow Anaerobic Sludge Blanket, UASB, and continued with other reactors based in the same principle.

2.2 UASB (Up flow Anaerobic Sludge Blanket reactor)
The UASB reactor is part of the “high rate” anaerobic technology. UASB process was developed by Lettinga and co-workers in the late 1970’s. In the beginning the UASB reactor was designed to treat concentrated wastewater from industry, but nowadays its application is being broaden to domestic wastewater and sewage treatment The success of the UASB reactor concept relies on the establishment of a dense sludge bed in the bottom of the reactor, in which all biological process take place (Seghezzo, 2004). The biomass is present as aggregates, which basically is formed by accumulation of incoming suspended solids and bacterial biomass and accumulates at the reactor bottom. The UASB reactor in a general way is an empty tank, which consists of the following elements; such as: a) Sludge bed in the bottom reactor (digestion zone), b) Sludge blanket (transition zone) above the sludge bed and c) Gas solid-liquid separator, and settler in the upper part (settling zone). A schematic representation of a classical cylindrical UASB reactor is shown in Figure 2.2.
[image: image4.emf]
Figure 2.2 UASB reactor (taken from Aiyuk et al., 2006)
During last years some modifications have been done to original design, it could be found rectors with rectangular shape, and some compartments as shown in Figure 2.3 as follows:

[image: image5.emf]
Figure 2.3 UASB reactor (taken from van Haandel et al., 2006)

The main physical features requiring careful consideration are the feed inlet, gas separation, gas collection, and effluent withdrawal. The inlet and gas separation designs are unique to the UASB reactor. The feed inlet must be designed to provide uniform distribution and to avoid channeling or the formation of dead zones (Tchobanoglous et al., 2003).
Regarding the other reactors; the Expanded Granular Sludge Bed (EGSB) is characterized by an improved internal mixing by recirculation, which avoids dead zones inside the reactor increasing the treatment efficiency. The sludge bed becomes expanded because of the relatively high liquid up flow velocity (Rinzema et al., 1993). In the Anaerobic Baffled Reactor, ABR, a series of vertical baffles force wastewater to flow under and over them as it passes through the reactor. The wastewater can, therefore, come into contact with a large active biological mass as it passes trough the reactor (Barber and Stuckey, 1999). Finally, the Anaerobic Migrating Blanket Reactor, AMBR, is similar to the ABR with the added features of mechanical mixing in each stage (Angenent and Sung, 2001).

2.3 Processes occurring in the reactor

The UASB reactor process design is based on a special flow regime, the incoming wastewater is introduced into the reactor by means of a distribution system device. Wastewater passes upward through the sludge bed particles, enters into the settling zone via apertures between the phases separator elements, and is uniformly discharged (van Haandel et al., 2006). UASB reactor usually has short hydraulic retention time (HRT) and high volume load. As discussed above, it is necessary to ensure a uniformly influent distribution of wastewater. 
The sludge bed (digestion zone) as discussed above is the place where chemical and biological processes take place. According to Lettinga (1995), the anaerobic sludge bed reactor concept is based on the idea that anaerobic sludge inherently exerts satisfactory settling properties. The sludge bed is composed of microorganisms that naturally form granules of 0.5 to 2 mm diameter. As a result of anaerobic degradation, there is a gas production. The rise of gas bubbles produces back mixing and turbulence without any mechanical agitation device.
The granulation process is the key of an efficient process in a UASB reactor. Granulation is a completely natural process; it will proceed in all systems where the basic conditions for its occurrence are met. High sludge loading rate can be applied in the reactor (up to 5 COD gVSSl-1.day-1) at relatively short HRT (Kalyuzhnyi et al., 2006).

The kinetics of anaerobic conversion reaction in immobilized biomass is an important aspect in the biodegradation of organic matter. 
The fermentation process in an anaerobic environment occurs in the absence of an oxidant element and it takes place with an internal transfer of electrons. The following general equation describes the process:
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Eq. 2.1

According to this equation there is methane and carbon dioxide production; methane is the most reduced organic compound. Table 2.2 shows the percentage of biogas components for the most important organic matter compounds.
Table 2.2 Amount of biogas, composition and energy contents (taken from Gallert and Winter, 2005)
	Substrate
	Amount of Biogas
	Composition 
	Energy content

	 
	[cm3g-1]
	CH4 %
	CO2 %
	[kwhxm-3]

	Carbohydrates
	746.7
	50
	50
	4,95

	Fats
	1434
	71
	29
	7.02

	Proteins
	636
	60
	40
	5.93


2.4 Dispersion in the reactor
As it is known, different treatment units and/or processes need to have some mixing and turbulence state to reach the expected treatment efficiency. Nevertheless, it is necessary to control the mixing level in which the processes could be achieved, because an excessive mixing and turbulence will produce inappropriate conditions for the treatment process.
For achieving the required sufficient contact between sludge bed particles and wastewater, the conventional UASB-system relies on the agitation brought about by the biogas production and an even feed distribution at the bottom of the reactor. Sludge aggregates will be dispersed under the influence of up flowing biogas. This mixing brought about by the biogas is very important to attain the desired contact (Lettinga, 2005). But an excessive dispersion could produce back mixing and it reduces the treatment efficiency.
The dispersion is a parameter that characterizes the degree of mixing between the sludge bed particles and wastewater. The dispersion could be strongly related to some parameters, such as: gas production, rate, up flow velocity (related to HRT) and so on. In that sense, it is necessary to analyze the influence of these parameters on dispersion.

The Peclet number (Pe). In the literature, it has been found the description of dispersion coefficient by means of Peclet number. This parameter is the inverse of vessel dispersion number, which measures the extent of axial dispersion (Levenspiel, 1972). Peclet number represents the ratio of mass transport brought about advection and dispersion (Tchobanoglous et al., 2003). The Peclet number is a dimensionless number, so far is the best alternative to describe dispersion, because of its no dependency on up flow velocity. It is defined by means of the following equation:
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Eq. 2.2
Where u is an up flow velocity [ms-1], L is a height reactor [m], and DM is a dispersion coefficient [m2s-1]

Dispersion as a function of the gas flux in the bed. The axial dispersion coefficient has been estimated by means of the formulation developed by Narnoly and Mehrotra (1996), they developed an empirical relationship, which relates dispersion and the gas flux in the sludge bed; it has been done by considering the movement of granules and the bubbles in the reactor. It has been based in a diffusion concept of blanket formation. These relationships were also used in the mathematical models proposed by Kalyuzhnyi et al. (2006), and Masana (2006). This axial dispersion coefficient characterizes the degree of back mixing during flow (Levenspiel, 1972) in the direction of the flow. Narnoli and Mehrotra (1996), proposed the next equation:
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Eq. 2.3
Where C and E are constants and their values are 20 [h] and 0.55 [m3m-2h-1], and these have been determined by Sayed et al. (1987), DM is the dispersion coefficient [m2h-1], and q is a surface gas production (gas flux) [m3m-2h-1].
Dispersion as a function of Reynolds number. Flow regime in fact plays an important role in the contact efficiency between sludge bed particles and substrate concentration. According to Tchobanoglous et al. (2003), based in the research developed by Davis (1972), the dispersion coefficient was estimated in basis of flow regime and for large Reynolds number is as follows:
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Eq. 2.4
Where DM is a Dispersion coefficient [m2s-1], Re is a Reynolds number [dimensionless], ν is a kinematic viscosity [m2s-1], uc is a velocity in open channel [ms-1] and RH is a hydraulic radius = area (cross sectional area)/wetted perimeter [m]

Dispersion as a function of up flow velocity and location in reactor. In the empirical model brought about by Zeng et al. (2005), there was founded an almost linear relationship between variation of dispersion with up flow velocity and in the other hand, the numerical value of DM decreases from the bottom to the top of the sludge bed.

Finally, they found other relationship, which links dispersion with sludge bed length and liquid velocity. The results of those experiments in a UASB reactor divided in two zones and with recirculation showed that the dispersion coefficient in the liquid zone was similar to the dispersion coefficient at the top of the sludge bed zone. The developed relationship is as follows:
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Eq. 2.5
Where DM is a Dispersion coefficient [m2s-1], u is an up flow velocity [ms-1], L is a height reactor [m], and z is the position in the sludge bed [m].
Dispersion as a function of up flow velocity and gas flux. The experiments developed by Peña et al. (2006), based in the concept that mixing intensity in a UASB is a function of both liquid up flow velocity and biogas production rates, found a linear correlation among Peclet number (Pe), up flow velocity and biogas production rates. The obtained equation is as follows.
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Eq. 2.6
Where P is Peclet number [dimensionless], u is the up flow velocity [mh-1] and q is a biogas production rate [m3h-1]. The stated equation is possible only if the variables have the pointed out units.
2.5 Mass transfer between the organic matter and the biomass

The successful of anaerobic wastewater treatment by UASB reactor is strictly related to the granulation process. Anaerobic granular sludge is the core component of an UASB reactor, microbial adhesion or self-immobilization is the starting point of anaerobic granulation process (Liu et al., 2003).
In order to understand thoroughly the UASB system, it is necessary to analyze the most important processes that take place inside the granules and their contribution to the organic matter biodegradation.

Many studies have been developed in order to determine the impact of both diffusion and mass transfer resistance on substrate utilization within the anaerobic granules.

Mass transfer limitations are particularly important at low substrate concentration, which are normally maintained in well-mixed reactor with low effluent concentrations, such as EGSB reactors (Gonzalez-Gil et al., 2001). On the other hand, in spite of searches developed until now and their respective results, it looks like there is a strong dependence of mass transfer limitations on substrate composition. In that sense, it is complicated to develop a standard mathematical model to describe mass transfer limitations in anaerobic granules.
The most used approach to describe substrate degradation within the granules is the widely known biofilm theory. According to biofilm theory the rate of substrate conversion is limited by the rate of transport of substrate into the biofilm. Thick biofilms may give rise to mass transfer limitations for the substrate within the biofilm or transport of substrate within the biofilm, resulting in an overall reduction in the substrate conversions achieved. (Saravanan and Sreekrisnan, 2001).
The up flow velocity would have a positive impact on the external mass transfer by reducing the stagnant liquid layer around the granule. This means that, at higher up flow velocity, the external mass transfer coefficient increases. On the other hand, the kinetic properties, and the size of the granule will be mainly related to the internal mass transport (Gonzalez-Gil et al., 2001).

According to Ting and Huang (2006), the granule is generally treated as a biocatalyst when a biofilm is formulated. The substrate is first transferred from the bulk liquid via diffusion layer to the surface of the granule (i.e., external mass transfer), followed by successive internal diffusion and biochemical reaction within the granule.
Chou and Huang (2005), based on the article developed by Grady et al. (1999), illustrate the effect of mass transfer resistance on the overall substrate removal rate in UASB reactors using three parameters. They include overall effectiveness factor η (i.e., the ratio of the observed reaction rate for substrate removal to the reaction rate which could be obtained without internal and external mass transfer resistances), Thiele modulus Ø (i.e., the ratio of the maximum reaction rate to the maximum internal diffusion rate), and Biot number Bi (i.e., the ratio of external mass transfer to the internal mass transfer rate).
Mass transfer coefficient determination by means of boundary layer in a spherical particle According to Hooijmans et al. (1990), if the mass transfer is only by diffusion the thickness of the assumed boundary layer is equal to the radius of the particle (Sherwood number Sh=2). When there is liquid flow, the thickness of the boundary layer will decrease. The following relationships have been experimentally considered by taking into account the flow regime:
For Reynolds number in the range: 102<Re<105, the equation is as follows:
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Eq. 2.7
For Re<10 we have as follows:
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Eq. 2.8
An empirical equation was proposed for the range 0<Re<3x105. The relationship is as follows:

[image: image15.wmf](

)

(

)

p

s

k

s

e

d

D

Sc

Sc

f

D

k

ï

þ

ï

ý

ü

ï

î

ï

í

ì

+

+

=

=

2

1

7

1

Re

1

Re

2

d



Eq. 2.9
In which
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Eq. 2.10
And
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Where ke is the external mass transfer coefficient [m2s-1] Ds is the diffusion coefficient [m2s-1], dp is the diameter of particle [m], δ is the boundary layer [m], ν is the kinematic viscosity [m2s-1], Re is the Reynolds number [dimensionless], Sc is the Schmidt number [dimensionless], Sh is the Sherwood number [dimensionless]
A general equation for calculating the mass transfer coefficient, which was proposed by Bird et al. (2002); is as follows:
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Eq. 2.11

Where Re is the Reynolds number [dimensionless], Sc is the Schmidt number [dimensionless]
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Eq.2.12
Where:

km is the mass transfer coefficient [ms-1], dp is the particle diameter [m], Ds is the diffusion coefficient [m2s-1]
3 Model description

3.1 The system to be modeled
The system is a UASB reactor in which the influent enters and is uniformly distributed via influent system device at the bottom of the reactor. The wastewater flows upward through the sludge bed, and it is dispersed due to the presence of sludge particles (biomass) which block the free path of the wastewater. There is biodegradation of substrate and biogas production in the reactor. The biogas bubbles increase the mixing degree between sludge bed particles and substrate. In the process, the larger particles are maintained in the zone near the reactor bottom; while some small sludge particles attached to gas bubbles rise up with the wastewater. When these particles reaches the top of the settling zone in the upper part of the reactor the gas is collected by means of a solid-liquid gas separator device and the sludge particles settle down. Because of the process, the wastewater reduces its organic matter concentration. Finally, the treated wastewater leaves the reactor in the top. The wastewater to be treated in this type of reactors could be composed by easily biodegradable substrate, such as: domestic wastewater or sewage, and food industry wastewater. In UASB, there are some concerns, which need to be stated, such as:
· The flow rate is not constant in a realistic case; there are some variations due to several aspects: e.g., overload, concentrations increases, but it is important to have a constant flow rate to achieve a good performance in the reactor.

· The sludge bed particles have different shapes (no spherical) and sizes, and they are distributed in such a way that the large particles fall down to the lower part of the reactor and the small ones are maintained above the former. This would be also addressed by the model.
3.2 The conceptual model

3.2.1 Assumptions

Taken into account the fact that the real conditions in the process hinder the development of a complete mathematical description of the process; it is necessary to make some considerations for simplifying the model and making it more manageable. The following assumptions are used in the model development:

1. All processes inside the reactor are considered to depend only on the vertical axis (z). (One dimensional model).

2. The kinetic of organic matter degradation inside the reactor obeys to a first order reaction rate.

3. The system is considered isothermal, since the organic matter corresponds only a small fraction of the total influent and the energy released in the process will not be enough to produce a considerable increase in the liquid temperature.

4. The sludge bed particles have a spherical shape, however they may have different sizes
5. The reactor volume is not divided in zones, since the division of the reactor in different zones is diffuse and in some extent arbitrary. However a distribution of particles densities along the bed is implied.
The model to be developed will be transient; however the most of the simulations will be performed for steady state. The scheme of the system is shown in the figure 3.1


[image: image21]
Figure 3.1 The UASB reactor, model scheme (Advection, Dispersion and reaction one zone model).

At the start, the concentration is a function only of z (M=f(z)). In these calculations a zero concentration will be considered at t=0. The wastewater is introduced at the bottom of the reactor at a constant flow rate. The organic matter concentration is also assumed to be constant. When the wastewater reaches the top of the reactor, there are no more changes in its organic matter concentration (advection condition).
3.3 The mathematical model

The model is developed by making a material balance in a differential longitudinal element of the reactor, according to figure 3.1. The equation that describes the system is as follows:
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Eq. 3.1
Where M is the organic matter concentration [kgm-3], DM is the dispersion coefficient [m2s-1], u is the up flow velocity [ms-1] and k is the reaction rate constant[s-1]. 
The term on the left hand side is the accumulation of substrate in the differential element in the bed, expressed as [kgm-3 s-1]. The first term on the right hand side takes into account the dispersion of the substrate in the bed. The second one corresponds to the transport of substrate by advection (flow). The last term is the reaction term, i.e., the amount the substrate that is depleted by unit of bed volume and time.
3.3.1 Initial and boundary conditions

The following initial and boundary conditions will be applied in the model:
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Eq. 3.2
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Eq. 3.3

BC2:
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Eq. 3.4

The present model was developed by using a Partial Differential Equation (PDE) package within MATLAB. 

3.4 The steady state model
In the first step, the analysis to be developed attempt to study the behavior of the system at stationary conditions, it means that the operational conditions are stable and the organic matter concentration does not change as a function of time. This situation only could be achieved in a steady state condition, when the organic matter concentration varies just as a function of reactor height.
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Eq. 3.5

The boundary conditions are the same as indicated for transient condition, they are as follows:
Boundary conditions:

BC1:
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Eq. 3.3

BC2:
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Eq. 3.4

The solution developed for transient conditions has been used to solve the steady state simulations because of its easy formulation. The code is run for very long times to be sure that steady state conditions are reached

3.5 The reaction term

In this section, the reaction constant, k, in Equation 3.5 is determined. As discussed above the reaction rate constant depends on several parameters such as: number of particles in the sludge bed, particle size and available surface of the granules, reaction kinetics, and mass transfer coefficient in the biofilm around the granules. 
Biodegradation or substrate consumption rate is often described by Monod type kinetics. 
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Eq. 3.6
Where M is the organic matter concentration [kgm-3], Ks is the intrinsic half saturation constant [kgm-3], k is the reaction rate constant (maximum substrate utilization) [s-1], Xf is the biomass concentration [kgm-3], and t is the time [s]. Figure 3.2 shows the Monod Kinetics curve and its different regions. 
In the first order region, the substrate concentration is much lower than the half saturation constant (concentration of substrate at which the specific growth rate is half value of the maximum), M<<Ks.  Therefore, the biodegradation process in this region may be described by a reaction of first order
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Eq 3.7
In the so-called zero-order region, the substrate concentration is much higher than the intrinsic half saturation constant M>>Ks, the mathematical expression in this region corresponds to a reaction of order zero,
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Eq. 3.8
Where, μmax is the maximum specific growth rate [s-1].
In the central region, with a middle range of concentrations, the Monod kinetics must be applied:
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Eq. 3.6

· 
[image: image39]
Figure 3.2 Monod Kinetics.

Several models have been proposed to describe the processes within a sludge particle. Most of them considered an anaerobic sludge bed granule as a biocatalyst particle. For example, the model developed by Ting and Huang (2006) for denitrification in the steady-state USB (Up flow sludge bed) reactor, which accounts for the processes within the anaerobic particle, was formulated with the following assumptions: 
· Mass of microbial cells in the diffusion layer (i.e., diffusional distance from the bulk fluid to the liquid granule interface) is neglected and Fick’s law follows

· Granules are spheroid shaped

· Microbial growth and detachment rates in the steady-state USB reactor under each set of operating conditions are in equilibrium. At steady state, the granule has no net increase in mass

· The biochemical reaction rate of the substrate in the bulk liquid of the sludge zone is neglected
· The denitrification rate follows Monod kinetics
In the solid phase the next equation was stated
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Eq. 3.9
In dimensionless we have as follows:
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Eq.3.9
Where
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Where Mp is the COD concentration within the granule [kgm-3], Ks is an intrinsic half saturation constant [kgCODm-3], kp is an intrinsic maximum specific substrate utilization rate constant [s-1], Xf is a microbial density of granules in sludge bed zone [kgVSS.m-3], and Df is the diffusion rate of nitrate within the granule [m2s-1].
No analytical solution was found for the general expression (Eq. 3.9). However, the biodegradation pattern in anaerobic wastewater may be described by considering two important cases. The first one is when the substrate concentration is much lower than the half-saturation constant (M<<Ks, first-order region) and the second one when the substrate concentration is much higher than half-saturation constant (M>>Ks, zero-order region). As a great percentage of wastewater presents lower organic matter concentrations, the current study is devoted to analyze the process when the wastewater has a lower amount of organic matter (first-order region).
According to Saravanan and Sreekrishnan (2006), biocatalyst such as microorganisms could also grow attached to one another, giving rise to a biogranule. Typically in bioreactors the rate of substrate conversion is limited by the rate of transport of substrate through the film. An anaerobic granule is not a compact particle. It is an agglomeration as a result of microorganism attachment instead. The substrate depletion model obeys to a first-order reaction for lower substrate concentrations (M<<Ks).
Sludge-bed particle considered as a porous biocatalyst particle (M<<Ks).

Equation 3.10 describes the diffusion-reaction combined process within the granule:
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Eq. 3.10
Where Mp is the substrate concentration in the particle [kgm-3], r is the radial distance from the center of the granule [m], kp is the reaction rate constant (volumetric reaction rate constant within the particle) [s-1], and DS is the diffusion rate of substrate within the particle [m2s-1].

This relationship has been solved with the following boundary conditions:

BC1:
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Eq. 3.11

BC2:
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Eq. 3.12

The analytical solution is given by the following expression:
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Eq. 3.13

Where M is the organic concentration in the bulk flow liquid [kgm-3], Mpr=R is the organic matter concentration at the particle surface [kgm-3], km is the mass transfer coefficient in the film [ms-1], Ds is the diffusion coefficient [m2s-1]

Where
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Thiele modulus [dimensionless]
Eq. 3.14
It is necessary to determine the value of Mp at the particle surface, which needs to be determined prior to use equation 3.13. The following expression has been developed to obtain the mentioned value:
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Eq. 3.15

Introducing equation 3.15 in equation 3.13 we have as follows:
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 Eq 3.13

Taking into account the mass flow at the granule surface we have the following equation for the mass flow of organic matter into the particle
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Eq. 3.16
Now, we address the case where the mass transfer resistance in the liquid film around the granule is negligible (high mass transfer coefficient). This means that the mass transfer and reaction are controlled by the processes within the granule. In this case the substrate concentration at the particle surface is the substrate concentration in the sludge bed due to the negligible mass transfer resistance. The Equation 3.9 could be evaluated with the following boundary conditions:
BC1:
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Eq. 3.17
BC2:
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Eq. 3.18
Then, the concentration within the particle is,
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Eq. 3.19
Where M is the organic matter concentration at the particle surface [kgm-3], which is identical to the substrate concentration in the bulk solution in the bed, and R is the particle radio [m].

Taking into account the mass flow at the granule surface we have the following equation for the mass flow of organic matter into the particle
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Eq. 3.20
And the maximum substrate-conversion rate in the reactor in the absence of diffusion limitations is given by:
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Eq. 3.21
And the effectiveness factor becomes

[image: image63.wmf](

)

1

coth

3

2

-

=

f

f

f

h


Eq. 3.22
It could be noticed that when the km value in Equation 3.13 is very high, the mass transfer resistance in the film is negligible and the equation3.13 takes the form of equation 3.19.
Sludge-bed particle considered as a porous biocatalyst particle (M>>Ks).
For sake of completeness, the expression for zero-order reaction is also addressed. Using the same boundary conditions, the analytical solution for the concentration within the particles is as follows:
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Eq. 3.16

Where μmax is the maximum specific growth rate [s-1], Xf is the biomass concentration in sludge bed zone [kgm-3], Ds is the diffusion coefficient [m2s-1], MP0 is the substrate concentration at r=0 [kgm-3], and r is the radial distance from the center of the granule [m].

3.6 Evaluation of the reaction rate constant per bed volume k
For reactor with granules of only one size

The reaction rate constant per sludge bed volume is firstly calculated by considering that the sludge contains particles of the same size. By means of the number of particles per unit of bed volume and the mass flow rate into an individual particle the kinetic constant is determined. For this analysis, volume occupied by the particles with respect to the total bed volume, is considered; Øs. 

Considering the number of particles per unit bed-volume (Np) and the mass flow into a granule (Equation 3.16) the kinetic constant in Equation 3.1, is determined by means of the following expression:
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Eq 3.23

Where R is the particle radius [m], km is the mass transfer coefficient [ms-1], Np is the number of particles per unit of sludge-bed volume, and Ds is the diffusion coefficient [m2s-1].

The number of particles per unit bed-volume is as follows:
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Eq. 3.24

Where Øs is the fraction of the total volume occupied by the granules and R is the particle radius [m]. Introducing Equation 3.24 in 3.23 yields
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Eq. 3.25

For a reactor with granules of different sizes
For a bed formed by granules of different sizes, the particle size distribution may be described by some size distribution; e.g., a discrete distribution. Here, it is assumed that the granules are of three sizes, as shown in Figure 3.3. The distribution is described by the volume fraction for each particle size (fvol,1, fvol,2, and fvol,3). The extent to several more sizes is straightforward.
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Figure 3.3 Discrete particle size distribution

The number of particles per unit volume for each particle size is estimated by means of the following equation:
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Eq. 3.25

And the final expression to obtain the kinetic constant is as follows:
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Eq. 3.26

Where fvol,i is the volumetric fraction of a particle of radius Ri, Ri is the radius of the particle of size i [m], kmi is the mass transfer coefficient for particles of size i, and Npi is the number of particles of size i per bed volume [m-3].

4 Calculated Cases
In this chapter, in addition to the calculated cases, some preliminary calculations are presented. Here, the dispersion and the reaction term are determined for different values of the operating conditions. 

4.1 Preliminary calculations

As shown in Equation 3.1, the expression describing the system has three important parameters: the water flow rate, the dispersion coefficient and the reaction constant. The first one is known of the operating conditions, but the other two have to be estimated. Literature and theoretical studies may be used in order to determine these parameters.

4.1.1 Study of the dispersion

Dispersion in a reactor is usually described in dimensionless form by the Peclet Number. 
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Eq. 2.2

Figure 4.1 shows how the Peclet Number value varies as a function of the dispersion for typical values found in this type of reactors. Dispersion values from literature have been found in the range from 
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 [m2h-1] to 0.83 [m2h-1] (Kalyuzhnyi et al., 2006). The Peclet numbers shown in the figure corresponds to a reactor with a height of 10 [m] and a water flow rate of 0.7 [mh-1]. Peclet Numbers in the range comprised between 5 to 200 could seem adequate for a UASB reactor, depending on the operating conditions. Peclet number lower than 5 corresponds to a reactor con an intense local dispersion, while values higher than 200 are characteristic for system with a small dispersion (low gas generation, low amount of granules). The analysis shows that Peclet number is an adequate indicator of the dispersion in the reactor.
The dispersion in the reactor is a function of the water flow rate, the gas generation, the size and abundance of the granules. Some semi-empirical relationships for Dispersion in a reactor are shown below.
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Figure 4.1 Peclet Number as a function of the Dispersion for an up flow velocity value of 0.7 mh-1 and a reactor height of 10 m

Dispersion as a function of flow regime
Up flow velocity values in UASB process are comprised among 0.5 to 1.4 [mh-1], these values are recommended for design and operation. In our model, values in the range 0.35 to 1.5 [mh-1] are used.
Equation 2.4 was found to be able to estimate empirically the dispersion coefficient value; as a function of the Reynolds number. In the literature (Tchobanoglous et al., 2003), there is information about dispersion coefficients in turbulent flow; for Reynolds numbers among 1000 to 10000. The respective Peclet numbers are plotted in Figure 4.2 as a function of the Reynolds numbers. The values of Reynolds number used in our simulations are somewhat lower, therefore the curve has been extrapolated to lower Reynolds numbers. This is shown by the dotted line in fig 4.2.
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Figure 4.2 Peclet number as a function of Reynolds.

Dispersion as a function of gas flux

The influence of gas flux on dispersion has been analyzed in an empirical way. Figure 4.3 shows how dispersion varies as a function of gas flux. As it could be seen in the figure high gas flux values cause a high dispersion. The values of gas flux found in the literature (Narnoli and Mehrotra, 1997) range in the interval 0.2 to 1.4 [m3m-2h-1].
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Figure 4.3 Dispersion number as a function of Gas surface production (gas flux).
Dispersion as a function of location in a rector height.

The dispersion variation along the height reactor was studied by Zeng et al. (2005). The results (Figure 4.4) point out that dispersion decreases along the height reactor. The results show too high value for Pe at the top. This analysis has been done without reaction and no gas production.
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Figure 4.4 Peclet number as a function of location in a reactor height.

4.1.2 Study of the reaction rate term

To describe thoroughly the study of the reaction rate term, it has been necessary to start with the analysis in an individual granule. To understand how the processes take place in a sludge bed particle we have chosen two important cases that have been considered in preceding researches. The first one takes into account that the mass transfer resistance is within the particle (no film), and the second one considers the general case when the particle (granule) is surrounded by a film.
Relative concentration in a granule without film In figure 4.5, it is possible to notice how the relative concentration changes within the sludge bed particle. At smaller particle size, the relative concentration decrease is lower due to there is no enough diffusion resistance within the particle compared with the reaction. At larger particle size, the diffusion resistance is increased within the particle and the organic matter has more time to be degraded; diffusion resistance plays an important role at higher particle diameter. The analysis has been done taking into account a porosity value ε = 0.5 for spherical particles (equal diameter).
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Figure 4.5 Relative concentration within the particle with no film.

Relative concentration in a granule surrounded by a film
The general results to describe the degradation process in an individual particle surrounded by a film are showed in Figure 4.6. It could be noticed that for larger particle diameters; the mass transfer resistance within the particle is increased. The mass transfer coefficient in the film decreases with increasing particle diameter; therefore the concentration at the particle surface is lower; the opposite situation is found for smaller particle diameters.
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Figure 4.6 Relative concentration in the particle with film.

Reaction term as a function of anaerobic granule size

The granule size influence on the reaction rate in the system has been also analyzed. Figure 4.7 shows how the reaction rate decreases with increasing particle diameter. Particles in the interval from 0.5 to 2.5 mm in diameter were used. For these calculations the following values were assumed: reaction rate constant within the particle, kp = 32.2 [d-1] (Substrate utilization rate for acetate Chou and Huang, 2005; Huang et al., 2006), diffusion coefficient 
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 [m2d-1] (Tartakovsky and Guiot, 1996). For the sludge-bed height a value of h =2 [m], reactor diameter of D = 2.5 [m],, and a porosity of sludge bed, of ε = 0.5 (spherical particles of the same size) were also defined.
The present analysis has been carried out by assuming the particles are spherical in shape and uniform in size. The particle diameter size is in the typical ranges found in the literature. There have been several studies, where it has been found particle diameter up to 1 cm, but unfortunately most of them have just used to determine treatment efficient rather than kinetics.
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Figure 4.7 Reaction rate constant as a function of particle diameter size

Reaction rate constant as a function of mass transfer coefficient
The influence of the mass transfer coefficient in the film surrounded the particle on the reaction rate constant is determined. Figure 4.8 shows the increasing of reaction rate with the increasing of mass transfer coefficient. The higher mass transfer coefficient; the higher is the reaction rate. It may be pointed out that a negligible resistance in the film (higher mass transfer coefficients) the mass transfer resistance is within the particle rather than the film. 
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Figure 4.8 Reaction rate constant as a function of mass transfer coefficient
4.2 Impact of the main parameters on the process

Table 4.1 shows the parameters to be used in our simulations.
Table 4.1 Range of variation of the main model parameters

	Parameters
	Units
	Parameters values

	Pe
	[-]
	1
	10
	100

	u
	[mh-1]
	0.35
	0.7
	1.5

	k
	[d-1]
	1.8
	3.6
	7.2


The model will be developed by taking into account the shadow values as a fixed parameters, each simulation will be carried out with fixed parameters and varying in agreement with the variation range.
Case A

As discussed above Peclet number is the best way to estimate the mixing degree in some treatment facility. It is convenient to make a complete analysis by varying Peclet number values and determine the change of the behavior of the system with the applied values.
In the analysis, values 1 and 100 have been taken, because they both point out the extreme situations. When Pe → 0, there is a high mixing degree and the dispersion could produce negative effects such as: back mixing, influent recirculation and consequently reduction of treatment efficiency. On the other hand, if Pe → ∞, the dispersion effect is negligible and the desired contact between biomass particles and substrate is not achieved. In fact, the Peclet values 1 and 100 are closed to the limits before explained.

Case B

Many studies brought about in a UASB reactors have shown a wide range of up flow velocities which are most commonly applied in a full-scale reactor treating wastewater. Preceding models have described the importance of the up flow velocity in the hydrodynamic behavior of UASB reactors because its relationship with mixing intensity.

According to Peña et al. (2006), hydraulic rate variations altered the performance of the treatment process in the reactor and their studies revealed that there is an optimal zone to operate an UASB reactor hydraulically in order to sustain its removal efficiency.

The up flow velocity change has an important effect in the hydraulic retention time (HRT), because if the velocity is increased, HRT value decreases. This situation could produce a negative on the reactor efficiency. At higher up flow velocity values the wastewater could pass faster and the expected organic matter reduction could not be achieved. On the other hand, if the up flow velocity is low there will not be a good contact between sludge particles and substrate. 
Case C

The kinetic constant plays an important role in the process efficiency and it is necessary to analyze in details its influence on the biodegradation of organic matter concentration. According to Tchobanoglous et al. (2003), the rate at which a reaction proceeds is an important consideration in wastewater treatment. As it is known, the kinetic constant is a proportionally constant between the rate of the reaction and the reactant concentration. First order reactions are the most commonly employed in modeling environmental chemistry, (Schnoor 1996).
As mentioned above the reaction rate constant may be function of number of particles in the sludge bed, particle size, specific surface are of particles per unit volume, mass transfer in biofilm, and so on. 

5 Results
5.1 Impact of the parameters on the process performance

The performance of the reactor is, as discussed above, determined by three main parameters: the dispersion in the bed, the up flow velocity, and the global reaction rate constant. This is shown below for different values of these parameters. In each case, a parameter is varied and the other two are maintained constant (See Table 4.1)
5.1.1 Case A. Impact of the Dispersion
Figure 5.1 shows the results for varying dispersion. It may be observed that at a high Pe number, the dispersion effect in the reactor entrance is negligible and the concentration at reactor inlet is very close to the inlet concentration. This means that the mixing of substrate in the inflow with the substrate in the reactor bottom is negligible, because of the slight agitation. When the Pe value is becoming lower, we can see that the relative concentration at reactor inlet does not reach the value 1.0, that situation is owing to high mixing degree between the incoming water and the water in the sludge bed at the reactor inlet. The simulation performed with Pe =1 shows a poor process efficiency, providing evidence that the excessive mixing do not allow an effective treatment due to back mixing. On the other side, simulations with a Pe=100, show that the system behaves almost as a plug flow. Higher Peclet values are unrealistic, since processes with plug flow are not possible, due to non uniformities existing in the process. Finally, the curve with Pe=10 shows very likely a behavior closed to real process described in the literature. 
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Figure 5.1 Relative concentrations as a function of distance along the reactor height for different Pe Peclet number values.
In these simulations with different dispersion, the reaction rate constant has been considered constant. This is not exactly true, since the mass transfer between the granules and the bulk solution is influenced by the dispersion. A low mixing in the bed (high Peclet number) decreases the reaction rate constant due to deficient mass transfer in the film. On the other hand side, a high mixing (low Peclet number) increases the mass transfer and therefore the reaction rate.
5.1.2 Case B. Impact of the up flow velocity or HRT
Here, the impact of the up flow velocity on the performance of the process is studied. The up flow velocity is inversely related to HRT (Hydraulic Retention Time).
The most important effect of up flow velocity variation is related to the HRT. A larger flow velocity implies a smaller HRT. The typical up flow velocity values found in the literature, for biodegradation processes in UASB reactors, show a laminar flow pattern
In these simulations, the Peclet number and the reaction rate constant are not varied. However, the up flow velocity influences on the dispersion as described in Chapter 4, but the Peclet number is only slightly dependent on the water velocity. The simulation was done within a Pe = 10; in this interval if the up flow velocity is varied by a factor 4, the Pe varies only by a 20% as is shown in figure 4.2. The up flow velocity also influences the reaction rate constant by varying the mass transfer.
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Figure 5.2 Relative concentrations as a function of distance along the height reactor for different up flow velocity values.

5.1.3 Case C. Impact of the reaction rate
Figure 5.3 shows the results for different reaction rate constants; they are in agreement with the expected behavior. At higher rate reaction value, higher organic matter is removed. The values applied in the simulation are closely related to the values found in the literature for experimental work focused on the kinetics and mass transport phenomena. 
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Figure 5.3 Relative concentration as a function of reactor height for different kinetic constant values
5.2 Simulations using the transient model
The model was developed to handle transient problem; i.e., the model can take account variations in organic matter concentration and water flow rate for the water to be treated. In order to show the capabilities of the model, simulations with varying inlet concentration are performed. The model is initially run using a certain inlet concentration during a long time for reaching steady state conditions. At a given time, the inlet concentration is increased to a new value. The breakthrough concentration from the reactor top is determined as a function of time.
The initial organic matter concentration used in the simulations was of M0=500 [mgl-1]. After two days, when steady state were reached, the inlet concentration of organic matter was increased to M0=1000 [mgl-1]. The other values used in the simulations were: reactor height, L, of 10 [m], Peclet number, Pe, of 10, upflow velocity, u, of 0.7 [mh-1], and reaction rate constant, k, of 2.3 [day-1].
Figure 5.4 shows the behavior of the system at changes of inlet concentration value of organic matter concentration. The figure shows the outlet concentration as a function of time. According to the figure, it takes the system about 0.5 day to stabilize after a change in the inlet concentration. Firstly, when inlet organic matter concentration increases its value, the outlet concentration starts to increase and takes then a period of time to reach a stationary outlet concentration. The simulations show that the model is capable to predict the variations in the outlet concentration caused by a variation of the feed concentration. It has been assumed that the microorganism activity remains constant, but the system needs a certain time to be adapted to new organic loads.
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Figure 5.4 Outlet organic matter concentration change as a function of time at organic matter concentration increase.

5.3 Model calibration
In order to calibrate the model, two experiments were used: the treatment of diluted municipal wastewater (Alvarez et al., 2006) and the treatment of wastewater from a slaughterhouse (Sayed et al., 1987).
5.3.1 Treatment of diluted wastewater

In this part of the report, results from an experimental study carried out by Alvarez et al. (2006) were considered to calibrate our model. They analyzed the treatment of diluted municipal wastewater at low temperature. The study was conducted to investigate the feasibility of digester start-up with or without inoculum and the effect of the influent organic load and temperature on start-up. The geometric characteristics of the reactor are: total volume of 34.9 m3, active volume of 25.5 m3, reactor height of 5.2 m, and reactor diameter of 2.5 m.
The UASB reactor was started up without inoculum (experiment A) for about 120 day and the digester reached 54-58% total COD removal. In experiment B digested sludge was used as inoculum and after the start-up period of 75 days, digester efficiencies were 41%. The experiment C was done to stabilize the sludge bed developed by using a hydraulically adapted inoculum, however TCOD removal remained low. Table 5.1 shows the operational conditions for the different sub-periods of each start-up experiment (Alvarez et al., 2005). 
The experiments where steady state is reached are used in the model calibration (marked with bold characters, in Table 5.1). Table 5.2 shows the removal efficiency for the TCOD case and the reaction rate constant calculated using the model developed in this paper. As it could be seen from the table, the better removal efficiency is obtained for the experiment A. The reactor decreases its efficiency when using digested sludge as inoculum (experiment B), this may be due to the composition of the inoculum expedited the system stabilization, but could cause detrimental effects in the system performance. 

Table 5.1 Digester start-up and operational conditions
	Experiment
	Period
	Operation time, [day]
	Temperature, [ C]
	HRT, [h]
	Influent TCOD,  [mgl-1]
	Effluent TCOD, [mgl-1]

	A
	AI
	63 (1-63)
	20,1±1,2
	12,1±11,6
	405±58
	-

	 
	AII
	57 (64-121)
	17,7±2,0
	13,4±4,2
	247±82
	-

	 *
	AIII
	31 (122-153)
	14,9±0,5
	11,1±1,8
	337±59
	140±32

	 
	AIV
	36 (154-190)
	13,7±0,4
	10,2±1,8
	243±83
	106±20

	B
	BI
	95 (1-95)
	13,7±0,8
	18,8±13,5
	136±28
	-

	 
	BII
	53 (96-149)
	14,0±0,7
	10,9±1,3
	169±60
	98±32

	C
	CI
	42 (1-42)
	18,8±1,4
	15,4±7,5
	367±46
	-

	 
	CII
	41 (43-84)
	20,4±0,7
	5,6±0,9
	335±47
	199±28

	 
	CIII
	27 (85-112)
	20,5±0,4
	4,7±0,5
	325±44
	171±22


Table 5.2 Simulation results
	Assay
	Temperature, [º C]
	Inoculum
	Upflow velocity, [mh-1]
	Period, [day]
	Removal efficiency
	k, [day-1]

	A-III
	14.9
	Whithout
	0.47
	122-153
	57.5
	2.1

	A-IV
	13.7
	Whithout
	0.51
	154-190
	53.7
	2.1

	B-II
	14
	Digested sludge
	0.48
	96-149
	40.4
	1.3

	C- II
	20.4
	Hidraulically adapted
	0.93
	43-84
	39.4
	2.3

	C-III
	20.5
	Hidraulically adapted
	1.11
	85-112
	46.6
	3.5


In the experiment C, the removal efficiency increased even though the up flow velocity was increased. As mentioned in chapter 2, the up flow velocity contributes to mixing degree between sludge bed particles and substrate and at higher up flow velocity values the contact between particles and substrate is improved. The fixed values used in the model calibration were: Pe = 10 (Peclet number), and L = 5.2 [m] (Reactor height).

Two aspects are valued to emphasize. One is the important role that the temperature plays in the reactor performance; the reaction rate constant is significantly increased. The other one is the increase of the reaction rate with the up flow velocity; however an additional increase of the up flow velocity could decrease the reactor efficiency due to a too short HRT.
5.3.2 Treatment of wastewater of Slaughterhouse Waste
The experiments performed by Sayed et al. (1987), are used to show how the reaction rate constant is changed as a function of the HRT (hydraulic retention time). The mentioned study was carried out to asses the feasibility of the UASB reactor for one-stage anaerobic treatment of unsettled slaughterhouse wastewater. It was performed using continuous feeding (24 h day) during the working days at 30º C and 20º C in two identical reactors. The main characteristics of the reactor are: total volume of 33.5 [liters], an internal diameter of 0.19 [m] and 1.30 [m] in height. The experiment was developed by varying the hydraulic retention time. 

The reaction rate constant is calculated using the degradation of dissolved COD at a process temperature of 30º C. The characteristics of the process and the results of the simulation are presented in Table 5.3.
As it could be noticed the removal efficiency does not vary in spite of the hydraulic retention time decrease, and even an increasing in organic load value does not cause a negative effect in the treatment process. 

Table 5.3 Characteristics and Simulation results of Slaughterhouse wastewater assay.
	Phase
	Time, days
	Influent COD, [mgl-1]
	Organic load, kgCODm-3day-1]
	HRT, hrs
	COD reduction,%
	Calculated k, [day-1] 

	I
	13
	557
	2.5-4.0
	9
	85
	5,94

	II
	7
	709
	6.0-6.2
	5
	83
	9,86

	III
	8
	617
	11.0-16.0
	5
	82
	9,50

	IV
	7
	695
	7.0-8.0
	4,3
	87
	13,50

	V
	14
	765
	10.0-10.5
	3,2
	87
	18,20

	VI
	14
	780
	14.0-15.0
	2,2
	82
	21,56

	VII
	7
	780
	19.0-19.5
	1,7
	85
	30,10


At higher up-flow velocity values (lower hydraulic retention time), the kinetic constant is higher. As expected, a higher up flow velocities provide an adequate contact between sludge bed particles and substrate (mixing degree estimated by means of dispersion), but this effect must be controlled, since an excessive mixing would be detrimental for the treatment process. Also as pointed out in chapter 4; at higher mass transfer coefficients, the kinetic rate constant will be higher (negligible resistance in film).
6 Discussion and conclusions
The model developed in this paper describes the operation of a UASB reactor. Three parameters namely: Peclet number, up flow velocity, and the global reaction rate constant were used in the model. The values of these parameters were taken from the literature. The model may be used to address the performance of a reactor under stationary conditions (steady state) and for transient situation as well, e.g., when the feed conditions are varied with time.
In the simulations one parameter was varied and the other two were remained constant. This situation is not possible in a realistic process, since variations in one parameter could probably influences in the value of other parameter. For example the up flow velocity can modify the mass transfer coefficient between the water and the granules. However, the study of the wastewater treatment process in this way is very useful. 

An important assumption in the model is that the microbial growth and detachment rates in the UASB reactor under each set of operating conditions are in equilibrium. This means that during the simulated operation time, the granule has no net increase in mass. This is acceptable for relative short operation times, in the order of hours or a few days and for no large variations in the operation conditions. 

The dispersion in the model was taken from the literature, where several empirical relationships are found that describe the dispersion as a function of operating parameters. Gas flow rate through the bed, height of the reactor, and water up flow rate are usually used to express the dispersion. However, it is necessary to point out that each reactor has its own features and the operational values must be analyzed experimentally in each particular case. Dispersion is an issue that would be studied in more detail. 
The global reaction rate in the bed is addressed by studying the process that take place in a particular particle or granule. The mass transfer coefficient in the film surrounded the particle is calculated by using known relationships from the literature. These relationships are for very simplified cases, e.g., a spherical particle with a fluid flowing around the particle. However, in our case, water flows between suspended particles in the bed, thus, the mass transfer coefficient is probably also a function of the density of granules in the bed and the gas generation in addition to the water up flow rate. This is also an aspect that would be studied in the future. The intrinsic reaction rate would also be studied in more detail.
The model developed in this paper is clearly able to describe the process occurring in a UASB reactor for anaerobic biological treatment of water. It includes the water flow (convection mechanism), mixing degree (dispersion mechanism) and the biological degradation (reaction mechanism). The main parameters required by the model are the dispersion and the global reaction rate. Dispersion may be obtained directly from the literature or be experimental determined.

The term describing the global reaction in the bed is estimated by means of the mass flow into an individual particle and the number of particles per sludge bed volume. The mass flow into a particular particle is calculated knowing the mass transfer in the film around the granules, the intrinsic reaction rate in the particle, the effective diffusion in the particle, and the particle size. Particle diameter is an important parameter determining the global reaction rate.
Situation at stationary and transient conditions may be handled by the proposed model. The results obtained in the simulations are in agreement with those values that could be expected for realistic processes. The model may be used to address the importance of the mentioned mechanisms (i.e., convection, dispersion and reaction rate) on the performance of the reactor. As a result of the analysis developed with the model, it may be concluded that dispersion and kinetics play an important role in the efficiency of the process and in the contact between particles and substrate. 
In addition our model could be used to predict how the system behaves at different operational conditions, and even to inlet organic mater concentration changes with time. The model provides a useful tool to study the process that take place in a UASB reactor, and may be used in the design of experimental lab scale reactors considering both hydraulic and kinetic processes.

7 Notation
a

Specific surface (total particle surface per volume of particles) [m2m-3]

C

Coefficients in empirical equations [dimensionless]
COD

Chemical oxygen demand [kgm-3]
dp

Sludge bed particle diameter [m]

D

Reactor diameter [m]

DM

Dispersion coefficient [m2s-1]
Ds

Diffusion coefficient within the particle [m2s-1]
E

Coefficients in empirical equations

k

Reaction rate constant [s-1]
kp

specific substrate utilization rate constant within the particle [s-1]
ke

External mass transfer coefficient [ms-1]
km

Total mass transfer coefficient [ms-1]

Ks

Intrinsic half saturation constant [kgCODm-3]

L

Characteristic length [m]

M 

Organic matter concentration [kgCODm-3]
Mp

Organic matter concentration within the particle [kgCODm-3]
MR

Organic matter concentration at the particle surface [kgCODm-3]
N

Mass flux [kgm-2s-1]

OLR

Organic loading rate [kgCODm-3day-1]

Pe

Peclet number [dimensionless]

q

Surface gas production rate [m3m-2s-1] 

Q 

flow rate [m3s-1]

r

radial distance from the center of the particle [m]
R

Particle radius [m]
RH

Hydraulic radius [m]

Re

Reynolds number [dimensionless]

S

Cross sectional area [m2]
Sc

Schmidt number [dimensionless]
Sh

Sherwood number [dimensionless]
t

Time [s]

TSS

Total suspended solids [kgm-3]

u

Up-flow velocity [ms-1] 

uc

velocity in open channel [ms-1]
WMR

Mass flow at the particle surface [kgs-1]
Xf

Biomass concentration in sludge bed zone [kgm-3]
z 

Upflow direction [m]

Greek symbols

μ

Dynamic viscosity [kgm-1s-1]

μmax

Maximum specific growth rate [s-1]
ν

Kinematic viscosity [m2s-1]
Ø

Thiele modulus [dimensionless]
Øs

Fraction of the total volume occupied by the granules
ε

Porosity
δ

Boundary layer [m]

η

Effectiveness factor

ρ

Water density [kgm-3]
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