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Introduction A sufficient supply of dissolved oxygen (DO) is vital for all higher aquatic life. The problems associated with low concentrations of DO in rivers have been recognized for over a century. The impacts of low DO concentrations or, at the extreme, anaerobic conditions in a normally well oxygenated river system, are an unbalanced ecosystem with fish mortality, odours and other aesthetic nuisances. When DO concentrations are reduced, aquatic animals are forced to alter their breathing patterns or lower their level of activity. Both of these actions will retard their development, and can cause reproductive problems (such as increased egg mortality and defects) and or deformities. River systems have the capacity of degrading organic matter introduced into the water. The responsible mechanisms for this automatic depuration are aerobic bacteria that consume organic matter and use dissolved oxygen from the water to fulfil this process. Aquatic plants also contribute to the depuration by the uptake of dissolved organic matter that formed nutrients. The capacity of the auto depuration of a river depends on the flow of the water that permits the organic matter to dissolve and that make the following degradation easier and the turbulence of the water that causes oxygen to be dissolved in the river and makes the microbial activity better. The intention of this work is to develop a mathematical quality model of the water in the Ochoa river. With this model it will be possible to evaluate the change in quality when a discharge enters the river. Therefore it is necessary to make a study about quality modelling and parameter estimation. After collecting samples it is possible to make a model.
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Literature review 1 Modelling Many equations and computer programs are available today to describe the quality of water in streams, rivers and lakes. Water quality modelling is still not very frequently applied when compared with e.g. flood protection modelling. The problems connected with qualified stream water quality modelling are as follows: •



stream hydrology and hydrodynamics assessment



•



stream catchment investigation to estimate runoff and diffusion pollution sources intensity and pollution transport



•



necessary continuous stream water quality monitoring for the model calibration



•



accurate pollution sources identification and analysis



•



knowledge about physical, biological and other processes at streams



The most prevalent water quality model is the Streeter Phelps equation and the modified equations of this model.



1.1 Complexity of a water model A key question in choosing or developing a water quality model is how complex the model structure should be to suit the needs in evaluating the management measures to be implemented. Increased complexity means that more processes will be represented in the system potentially reducing the model error (deviations between measurement samples and simulation results). The downside is that increasing the model complexity increases the number of degrees of freedom within the model (more parameters and variables) which can be expressed as the total increase in model sensitivity (the change in output results due to a percentage change in input data such as parameter settings and initial and boundary conditions). Over-parameterization makes calibration more difficult and reduces the predictive power of the model
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A hypothesis has been proposed by Snowling and Kaamer (2001) relating the uncertainty of a simulation model with respect to model complexity, sensitivity and error. The hypothesis is illustrated in Fig. 1.



Figure 1: Hypothetical uncertainty-complexity relationship in which uncertainty is defined in terms of sensitivity and error (Snowling and Kaamer (2001)).



The complexity of a model can be easily increased by enabling more state variables, parameters and functions used for the simulation. Increasing the number of variables also increases the number of processes interacting between the variables for which additional parameters are required to control.
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2 Dissolved oxygen (DO) in streams Dissolved oxygen is the amount of molecular oxygen dissolved in water and is one of the most important criteria in determining natural water quality. The ability of a stream to maintain an acceptable DO-concentration is an important consideration in determining its capacity to assimilate wastewater discharges. Dissolved oxygen is used in the microbial oxidation of organic and certain inorganic matter present in wastewater. The figure below gives oxygen sag curve after a wastewater is introduced in a water body.



Figure 2: oxygen sag curve



A simple application of this model describes the classic DO sag curve that occurs below sewage discharges in streams as illustrated in Figure 2. This application represents a stream that is originally unpolluted and so has DO concentrations near saturation. A large BOD load is then added, for example, from untreated sewage, and this elevates the levels of dissolved and solid organic matter. As oxygen levels drop, atmospheric reaeration takes place to compensate for the oxygen deficit. Initially, the reaeration is dwarfed by the oxidation of the BOD as the organic matter is consumed. However, with time, the amount of organic matter not assimilated decreases and so the rate of oxygen loss decreases. At some point, the oxygen depletion and reaeration will balance and at this point, the lowest or ‘critical’ level 6



of oxygen is reached. Beyond this point, reaeration dominates and so oxygen levels begin to rise again towards the saturation concentration. Dissolved oxygen concentrations in streams are controlled by many factors including atmospheric reaeration, biochemical oxygen demands (carbonaceous and nitrogenous), algal photosynthesis and respiration, benthal oxygen demands, temperature, and the physical characteristics of the stream.
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3 Biochemical oxygen demand (BOD) in streams The biochemical oxygen demand (BOD) gives an indication of the amount of oxygen needed to stabilize or biologically oxidize the waste. Oxygen is required (used up, depleted, consumed) by microorganisms as they assimilate various organic and inorganic materials transported by the water. The general equation of the reaction is given below: organic material + O2 ---> > CO2 + H2O Some of those materials contain reduced forms of nitrogen. Collectively, these materials are called nitrogenous materials, and they are consumed by nitrifying bacteria. By that reason, BOD is typically divided into two parts: carbonaceous oxygen demand (cBOD) and nitrogenous oxygen demand (nBOD). Carbonaceous biochemical oxygen demand is the result of the breakdown of organic molecules such a cellulose and sugars into ca carbon dioxide and water. Nitrogenous oxygen demand is the result of the breakdown of proteins. When the BOD is measured, using the BOD5 method (see materials and methods), it can be said that only cBOD OD is measured, see se Figure 3.. When a water sample in incubated, first the carbon will be consumed by microorganisms, after an adaption period, nitrogen will be consumed. The time that the different steps in the oxidation process process take can change and depends of the constitution of the sample.



Figure 3: Carbonaceous and nitrogenous BOD-t curve



8



4 Mass balance Water quality changes in rivers are due to physical transport processes and biological, chemical, biochemical, and physical conversion processes. Physical transport includes advection and turbulent diffusion, which are separately described through hydraulic models. Any model that attempts to simulate the concentration of DO in a river will, at the very least, have to simulate the processes summarized in the figure below.



Figure 4: A schematic of the major processes influencing the concentration of DO in rivers. (Cox, 2003)



These processes will occur all along any river that is being modelled, and most models will use a discretisation whereby the river is split into a series of reaches. Within a river reach conservation of mass must be maintained, but changes in the DO concentration may occur due to physical transport and transformation processes. The description of those processes in a mathematical model requires a hydraulic model in order to simulate the transport of the solutes along the river as well as including any biological, chemical and physical conversion processes that are to be simulated. The model may be described by well-known extended transport equations such as (Rauch et al., 1998):
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Which can be given by following equation:



Where: •



is an multi-dimensional dimensional mass concentration vector for each of the determinants



•



t is the time



•



x, y and z are spatial coordinates



•



u, v and w are the corresponding velocity components



•



´x, ´y and ´z are turbulent diffusion coefficients for the directions x, x y and z, respectively



•



r(c,p) is a term representing the rates of change of determinants due to internal transformations in the reach (e.g. nitrification or reaeration).



This partial differential equation can be solved numerically, but is usually simplified to some extent before re solving. For example, if the concentrations in the reach do not vary greatly over the depth or the cross cross-sectional sectional area, the number of dimensions may be reduced. Alternatively, the system might be considered to consist of a number of interconnected, perfectly fectly mixed tanks or elements, which leads to a set of ordinary differential equations.
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5 The Streeter-Phelps equation The Streeter-Phelps equation accurately models the amount of DO in a stream after wastewater is discharge into it. This model follows the pollutant downstream as it travels at the stream velocity. When a pollutant is introduced into a water source, the DO typically decreases to a minimum before gradually recovering to the saturation level. The plot of the DO as a function of time is called the DO sag curve and is given below.



There are two competing processes in this interaction: reaeration and deoxygenation . Reaeration adds molecular oxygen to the stream from the atmosphere (up to the saturation point); deoxygenation depletes the oxygen. Only the biochemically degradable microorganisms responsible for BOD are considered in the present analysis. The Streeter-Phelps equation is a component of the mass balance (transport equation). Only the reaction processes are being used. Streeter-Phelps only uses two state variables: •



Oxygen deficit (D)



•



Organic matter (BOD)
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According to their theory, biochemical oxidation is the only sink and atmospheric reaeration is the only source of oxygen). In the model, a few assumptions are made: •



stream is an ideal plug flow reactor



•



steady-state flow and BOD and DO reaction conditions



•



The only reactions of interest are BOD exertion and transfer of oxygen from air to water across air-water interface (i.e. photosynthesis and respiration are ignored)



We obtain following mass-balance: Rate O2 accumulation: =rate O2 in



– rate O2 out



+ production –consumption



=rate O2 in



–0



+ 0



– O2 consumption



This means the Streeter-Phelps equation is the solution of the following differential mass balance equation:    .    



where L is the amount of oxidisable organic material as oxygen equivalents (BOD), x is the distance along the reach moving downstream and D is the DO deficit (the difference between the DO concentration if saturated and the actual concentration). The other terms are the rates of processes affecting the DO: Ka is the surface reaeration rate; Kd is the decomposition (i.e. oxidation) rate in the stream. If L=L0 and D=D0 at time zero then these equations can be solved for:     
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5.1 Discussion of terms The processes affecting DO in rivers that have been described in Streeter Phelps equation, provide a modeling framework to simulate those processes in a mass balance model. The process equations described there all require (reaction) rate parameters. Any of the parameters can be evaluated by a process of calibration where the parameter values are adjusted until the simulated data fit observed data. However , in multi-parameter systems it may not be true that the parameters are independent, and so it will not be possible to ensure that a unique set of parameter values is obtained.



D = Dissolved oxygen deficit (mg/l) Defined as the difference between the dissolved oxygen concentration at saturation and the actual instantaneous dissolved oxygen concentration at time t. D = D.O.sat - D.O.actual.



Kd = carbonaceous decay constant (1/day) this constant describes the rate at which BODc is utilized in a stream. Its value may be determined experimentally for a specific effluent and a specific stream. The actual value of Kd depends essentially upon the origin and strength of the wastewater, the type of treatment that wastewater has undergone, as well as various stream characteristics. The range of Kd that is used for Cuban rivers with a constant flow rate is situated between 0.1-0.85 (1/d) (García, 1989).
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L0 = ultimate carbonaceous demand (mg/l) This value can be measured by using the method described in materials and methods.



Ka = stream reaeration constant (1/day) this constant describes the rate at which atmospheric oxygen diffuses into the water of a flowing stream. Its value depends upon the hydraulic and geometric properties of the stream in question. The figure below shows the change in oxygen concentration along a water-air surface.



Figure 1: Reaeration time constant (EPA, 2005).



The reaeration time constant can be estimated. Depending on the circumstances in the river: velocity and depth ( see figure below). Following equations can be used (Chapra, 1997) O’Connor-Dobbins



ka = 3.93



U 0.5 H 1.5
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Churchill



ka = 5.026



U H 1.67



Owens



U 0.67 ka = 5.32 1.85 H



Figure 5: Reaeration coefficient (days vs. depth and velocity using the suggested method of Covar (1976) (from Bowie et.al. 1985)



The range of the Ka values can be estimated by using the diagram.
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e = the Naperian logarithm base (dimensionless) e = 2.71828.... t = time (days) itial dissolved oxygen deficit (mg/l) D0 = initial The deficit dissolved oxygen can be determined by subtracting the measured concentrations dissolved oxygen by the saturation concentration.



5.2 Temperature Adjustments: Adjustments Kd and Ka, are temperature dependent quantities. The values calculated in accordance with the above are 20 degree Celsius values. Since the saturation DO decreases with increasing temperature, it will ll be necessary to adjust the parameters Kd, and Ka to reflect the expected maximum stream temperature condition. IIn n the equations listed below, T is the expected maximum stream temperature in degrees Celsius. •



(T Kd(T) = Kd,20 x 1.047(T-20)



•



Ka(T) = Ka,20 x 1.024(T-20)



5.3 Critical distance, time and deficit When wastewater is introduced to a water body, then the DO can be faster depleted than it is replaced. As long as this occurs, the DO of the stream will continue to drop. Since the BOD is decreasing ass time goes on, at some point, the rate of deoxygenation decreases to just the rate of reaearation. At this point (called the critical point) the DO reaches a minimum. Downstream of the critical point, reaeration occurs faster than deoxygenation, deo so the DO O increases. This phenomen can be seen in de oxygen sag curve given before. When the Streeter-Phelps Phelps equation



goes to zero, we obtain the critical distance:
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      ln 1 



.      



And the critical time, the time when deoxygenation decreases to just the rate of reaearation, is given in following equation:  



      ln . 1 



     



The maximum deficit at the critical distance can be obtained by following equation:  



  !  
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6 Modified Streeter-Phelps equation 6.1 Introduction A first attempt to describe the relationship between dissolved oxygen level, atmospheric reaeration, and bacterial respiration was formulated by Streeter and Phelps. The relations were expanded with the addition of further sources and sinks by O’Conner, Dobbins and others. The processes that can be added to the Streeter Phelps equation are mentioned below •



the removal of BOD by sedimentation or adsorption;



•



the addition of BOD by the re-suspension of bottom sediments or by the diffusion of partially decomposed organic matter from the bed sediments into the water above;



•



the addition of BOD by local runoff;



•



the removal of oxygen from the water by the action of gases in the sediments;



•



the removal of oxygen by the respiration of plankton and fixed plants;



•



the addition of oxygen by the photosynthesis of plankton and fixed plants;



•



the addition of oxygen by atmospheric reaeration;



•



the redistribution of BOD and DO by the effect of dispersion, particularly when the polluting load varies suddenly;



•



the removal of oxygen by nitrifying bacteria.



Of these processes, the dominant ones which relate to the oxygen balance of a river are (Bennett and Rathburn, 1972) •



the oxygen demand of the carbonaceous and nitrogenous wastes in the water;



•



the oxygen demand of the bottom deposits;



•



any immediate chemical oxygen demand (COD);



•



the oxygen required for plant respiration;
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•



the oxygen produced by plant photosynthesis;



•



the oxygen gained from atmospheric reaeration



The components that belong to these processes are: NH4, NO2, NO3, HPO4, O2, algae, chlorophyll-a and BOD (nBOD, cBOD)



6.2 Modified Streeter Phelps The six dominant processes given by Bennett and Rathburn (1972) (1972),, as listed above, can be formulated as mathematical equations if they are to be used to simulate DO in a river using a mathematical model. This procedure is familiar to all water quality models and many models share similar mathematical descriptions of the physical, chemical and a biological processes in a river. An extended Streeter Phelps equation is given below.



Where: •



1 iss the deficit before de reaeration rea starts



•



2 is the he initial cBOD



•



3 is the Initial nBOD



•



4 is the oxygen demand of the sediment



•



5 is the he result of the oxygen Respiration – Production



•



6 is the he introduced BOD through non point sources.
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Material and methods The different steps of modelling water quality in a river are discussed below: the taking and analyse of the samples, selecting a mathematical equation and its calibration.



1 Study area As study object, the Ochoa river was chosen. This river flows through Santa Clara where it is polluted. The study is limited to the university grounds of the Central University of Las Villas “Marta Abreu” (UCLV). At this place, different kinds of pollution are discharged into the river: sanitary waste, waste of the university kitchens, animal manure, pollution of drinkable water purification…



2 Sampling For calibration of the model it is necessary to collect some data about the river characteristics and some quality parameters. The data determined is: DO, BOD, temperature, velocity and depth of the water at different points in the river and its longitude.



2.1 Sampling point selection The selection of water quality sampling points should provide a sufficient number of sampling sites to adequately describe the quality variations in the river due to sources of pollution. So it is important that the major sources of point (and non-point) pollution have been identified and that the location of all hydraulic structures and/or changes are known.
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To find the location of the sample points, some places should be considered: considered •



Sites before the major pollutant point sources



•



Sites sufficiently below the major pollutant point sources to assure complete mixing.



•



Sites further downstream below the major tributaries and pollutant point sources to observe the fate of the pollutants and the response of the river;



•



Locations where there is significant change in cross cross-section section or hight of the water that will have an impact on water quality.



With these considerations, six sample points were taken along the Ochoa river. These are given in the map below.



Figure 6:: Sample points of the Ochoa river
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Point 1 is situated at the beginning of the botanical garden. At this place the river enters the university grounds. Point 2 is situated after a cascade and is characterised by slowly moving water where people go to swim. Point 3 is situated near to a farm. At this place, animals cross the river. Point 4 is situated just before a cascade. Before this point the pollution of the farm and the university dining room enters the river. Point 5 is after the cascade and is characterised by a high velocity of the water. Point 6 is situated after the swimming pool where wastewater from student homes entered the river. At this point, the camajuani road crosses the river.
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3 River characteristics 3.1 BOD At the different points along the river, BOD samples are taken. One sample is a mix of four different samples, taken at the same cross section in the river. On each site of the river, one sample has been taken and two samples at the middle are also in the mix: one at the surface and one just above the river sediment. To measure the BOD, the mixed samples are placed in an environment suitable for bacterial growth (an incubator at 20° Celsius with no light source to eliminate the possibility of photosynthesis). Conditions are designed so that oxygen will be consumed by the microorganisms. The difference in initial DO readings (prior to incubation) and final DO readings (after 5 days of incubation) is used to determine the initial BOD concentration of the samples. This is referred to as a BOD5 measurement. The advantage of the BOD test is that it measures only the organics which are oxidized by the bacteria. The disadvantage is the 5 day time lag and the difficulty in obtaining consistent repetitive values.



3.2 Dissolved Oxygen The dissolved oxygen is measured by using Hanna instruments at the six measure point. This machine allows to measure the DO at the river, with results in an correctly value of the DO. Because the difficulty to measure stable values in the river with this equipment, there has been used another method to measure the DO more accurate. There has been taken samples (oxygen was fixed in a bottle) and analyzed with the Winkler method at the laboratory.
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3.3 Oxygen deficit The oxygen deficit (OD) can be calculated as OD=DOsat-DO. DOsat can be found in tables generated from equations of Weiss (1970).



3.4 Distance, velocity and depth The velocity of the river has been measured at the six different points by using a floating object and a chronometer. The floating object may not be influenced by wind. The time to travel six meters further was measured and so the velocity could be calculated. At every point, this test was done tree times. The distance of the river and the segments where calculated by using a digital map, the depth was measured by using a stick of wood that was calibrated. The results are shown in Table 1. Table 1: river characteristics: distance, velocity, depth and pH



Point Distance (m) Velocity (m/s) Depth (m) 1 0 0,49 1,60 2 104,3 0,50 0,58 3 321,7 0,60 0,50 4 1006,5 0,80 1,64 5 1076,1 0,75 1,52 6 1604,3 0,43 1,40
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4 Model selection Because of the complexity of an extended version of the Streeter Phelps equation, the quality of the Ochoa river has been modeled by the original equation of Streeter and Phelps., This simplification can be approved, when following assumptions are made.



4.1 Photosynthesis The river is characterized by a large flow rate (in the raining season) and many cascades, which means the aeration due to physical aspects is rather high. For that reason the assumption is made that respiration-production of oxygen by rather few plants, algae and aquatic animals in the river is neglectable and the aeration is due to physical aspects.



4.2 Sediment The sediment oxygen demand (SOD) can be neglected because of the same reason: the amount of oxygen taken from the water by sediment is much less than the aeration by physical aspects.



4.3 Simplifications of the transport equation Fluid in rivers is always turbulent. Even in slowly meandering rivers there are always eddies that produce chemical mixing over distances that approach the size of the “container”, or the depth or width of the river. Differences in river contours, directions, depths, and average velocities can result in a variety of mixing patterns too complex to model completely. The transport of dissolved substances or solutes in rivers is governed by advection and turbulent diffusion. In the hydrodynamic water quality model of the river, some simplifications of the transport equation can be made by reducing the number of spatial dimensions considered. This is reasonable because, for relatively shallow rivers the 25



distance of ‘complete’ mixing along the depth is short and thus a depth integrated (i.e. 2D) form can be applied. This integration lumps the effects of non-uniformity into a ‘Fickian’ advective velocity term. Another simplification is to neglect the dispersion term and so produce an ordinary differential equation that is easier to solve and analyze by introducing a ‘travel time’ as an independent variable. This integration is made by assuming that complete mixing occurs within each of a number of interconnected elements within the original reach.
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5 Modeling method The Streeter Phelps equation was feed with the measured BOD and DO values (see next chapter) of the different points along the river. By using the mathematical program SPSS the best fitting constants were found. The river has been assumed as one segment; one mixed tank. For this segment, the different characteristically constants Ka and Kd were calculated
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Results and discussion 1 River characteristics The river characteristics BOD, OD, velocity and depth are necessary to calibrate the model.



1.1 Biological Oxygen Demand Table 2: measured BOD-values



Point



BOD (mg/l)



1



210



2



340



3



160



4



280



5



220



6



360



The results shown in Table 2 follow an expected way, except the value at the second point. Between point 1 and 2 there is no entrance of wastewater and a cascade aerates the stream. By this reason, it would be expected that the BOD-value increase. An explanation for the high value can be found in the sampling method. There has been taken samples at the bottom of the river, and it is possible that at this point some sediment, attached with a quantity of organic matter, has entered the bottle, and gives a higher BOD-value. Between point 1 and 3 there are two cascades and the river has a slow velocity because the river is very wide so micro-organisms have a lot of time to consume organic matter. These reasons can explain the low value found at point 3. Between sampling point 3 and 4, there is a discharge of wastewater from the dinning room and the farm which makes the BOD increase. From point 4 to 5, there is a large cascade that brings oxygen into the water. Micro-organisms can break off organic
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matter faster with a higher quantity of oxygen dissolved into the water. After point five, a discharge of wastewater from different buildings is leaded into the river, and causes again an increased value of the BOD.



1.2 Dissolved oxygen Table 3: measured values of DO



Point



DO (mg/l)



1



6.4



2



6.8



3



6.3



4



6.0



5



6.2



6



6.0



Between point 1 and point 2 there is a cascade/ little waterfall that brings a lot of air into the water. This gives us an expected higher value of DO in point 2 then in point 1. Between point 2 and point 3 the DO decreases. The explanation can be found in the decreasing of the BOD (see 1.1 in this chapter) that consumes O2. There is almost no reaeration because the river is going slow and only a little cascade crosses this section. The DO from point 3 to point 4 also decreases because there are two discharges of wastewater that enters the river. Point 3 and 4 are far from each other (684 m), so the BOD has the time to decrease and uses O2. From point 4 to 5 there are two cascades that aerate the stream, so the DO increases. Between point 5 and 6 no aeration occurs by cascades, and oxygen is used by microorganisms to break of organic matter which causes a decrease in DO.
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2 Calibration 2.1 Results of the model Kd= 0.1, Ka= 3.03



Kd = 0.012, Ka= 3.03



Point



Measured DO (mg/l)



Theoretical DO (mg/l) Error (%)



Theoretical DO (mg/l) Error (%)



1



6,40



6,40



0,00



6,40



0,00



2



6,80



6,72



1,23



6,79



0,11



3



6,30



6,06



3,83



6,29



0,13



4



6,00



5,39



10,12



6,00



0,02



5



6,20



5,54



10,58



6,19



0,23



6



6,00



5,06



15,62



6,00



0,03



Table 4: Comparation of the model results



2.2 Ka (stream reaeration constant) O’Connor-Dobbins equation has been selected, by using Figure 5. Table 5 uses the minimum and maximum velocities and depths measured in the river for calculating the range of Ka. Table 5: calculations of the Ka range



depth (ft)



Velocity (ft/s)



Ka (20°C)



1.64



1.40



2.21



1.64



2.62



3.03



5.38



1.40



0.37



5.38



2.62



0.51



For calibrating the model, the maximum aeration constant has been taken (Ka= 3.03). With this value the model fitted the best. This high value can be accepted because it is a fast streaming river that has a lot of dams and waterfalls that bring oxygen into the water. 30



2.3 Kd (carbonaceous decay constant) When the range Garcia (1982) suggested is used in the model, than the value of 0.1 1/day is selected. This low value for the decrease in BOD can be explained because of the short distance the Ochoa river is being modelled and the fast flow of the river it can be assumed that only a few quantity of organic matter will be degraded. The results when 0.1 is used for the Kd is given in Table 5. It can been seen that this value gives a error that increases by the distance of the river. The Kd value of 0.1 indicates the decay constant of rivers without any discharge of polluted water. In the Ochoa river is a discharge of polluted water from the farm and the dining room into the river. This causes an increase of BOD that neutralise the decomposition by microorganisms. By this reason, it can be assumed that the Kd-value will be lower than the 0.1 as described by Garcia (1982). For this reason, some other values has been tried out beyond the range given by Garcia (1982). With the value of 0.012, the error was at its minimum, so this value was chosen.
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Conclusions The Ochoa river was modeled as one segment, which included cascades, pollutant discharges, and different river segments. So this one segment gets a set of parameters that is characteristic for it. Another approach of river modeling, is to model all different segment and objects in the river, and give them all a set of parameters. For example, each cascade gets other constants that depend on the aeration capacity of it. In this way of working, the end of one segment or object will give an output that can be used to define the input of the following segment or object in the river. With this approach the Ochoa river could be modeled more exactly. The result of the calibration is a high Ka-value (aeration constant) and a low Kd-value (decomposition constant). Theoretically it means that the river has a lot of aeration and very few decomposition by microbial biomass. It is true that the river has a lot of dams and waterfalls that bring a lot of oxygen into the water, but the microbial activity can be discussed. By assumption that the river is one mixed “tank” it seems that microbial activity is low. The model doesn’t take into account that fresh BOD comes into the river that neutralize the decomposition of BOD by micro-organisms. The Kd constant has been chosen so the model represents the measured values as good as possible. The range given by Garcia (1982) because it is true for rivers without discharge of fresh BOD. For this reason it is chosen to take a lower value beyond this range. With the value of 0,012 the error is at a minimum. If it is wanted to have the microbial activity of the river, the Kd-value should be calculated apart for a section in the river without input of fresh BOD.
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The calculated parameters of the Ochoa river are only true on rainless days in the raining season. So if rain falls or it is another season, other parameters will represent the Ochoa river. At each point there has been taken four samples that were mixed afterwards at the lab to measure the BOD. This way of working is better than taking one single sample, but it could still give unacceptable values. The better is to take two or tree times a mixed sample at each point. The results of the BOD analyzes should statistically be compared and the final result should be used to calibrate the model. This way of working should avoid unacceptable values such as the BOD at point 2 where probably sediment entered the sample-bottle.



Recommendation The Ochoa river has been modeled by using the Streeter Phelps equation. With this, it is possible to make an estimation about the way the water quality changes along the river. This equation only involves BOD and DO in its calculations and the model can not be used in other circumstances than those it is calibrated in. A possibility is to take the extended version of the Streeter Phelps equation, so more parameters can be involved in the equation, nevertheless many physical aspects are still neglected, and this equation too will only estimate the quality in the circumstances it has been calibrated for. A solution for mentioned problems is to model the river by using a software application like SWAT, Delft 3D…. This software is able to calculate the quality and quantity of water that flows through rivers, incorporating all physical, chemical and biological processes. A software program incorporate many mathematical equations. The result of one equation feeds the other equation, so few data is necessary. It can be said that with a minimum of calibration data, a maximum of results can be reached. The possibility to model the Ochoa river or any other tropical or sub-tropical river can be no problem with the right software. Further investigations should be done to find out which is the best matching software program.
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