MAJOR PROJECT REPORT

ON

Assessment of Surface Water Quality Modeling using Water Quality Models

A Major Dissertation Submitted in Partial Fulfilment of

the requirement for the award of degree of
MASTER OF ENGINEERING

in

ENVIRONMENTAL ENGINEERING
By
Vandana Goyal

Roll no. 8846

Under the Guidance

of
Dr. S. K. SINGH

Professor and Head

Dept. of Civil and Environmental Engineering

Delhi University,Delhi

[image: image79.png]



Department of Civil and Environmental Engineering
Delhi College of Engineering
June-2006

Acknowledgement
I wish to express my deep sense of gratitude and indebtness to Prof. S.K. Singh (HOD, Dept. of Environmental Engineering) for his guidance and assistance without which completion of this project report would not have been possible.

I also express my sincere gratitude to the faculty of Environmental Engineering Department.

I also express my sincere gratitude to the employees of “Central Pollution Control Board”.

Last but not the Least, I am thankful to my parents and friends for their encouragement and guidance.






 


 Vandana Goyal

 



  

03/env/04








 
 Univ. roll no. 8846
Certificate

This is to certify that Ms. Vandana Goyal student of Delhi College of Engineering, Delhi worked under my guidance on minor project entitled “Assessment of Surface Water Quality using Water Quality Models” being submitted in partial fulfilment of the requirement for the award of the degree of “MASTER OF ENGINEERING” to the Department of Civil and Environmental Engineering, Delhi College of Engineering, Bawana Road, Delhi-42.





Prof. S.K. Singh





Professor and Head

Dept. of Civil and Environmental Engineering

Delhi University,Delhi

[image: image2.png]



Department of Civil & Environmental Engineering

Delhi College of Engineering
Delhi-42
Abstract

Since water plays such a vital role in life on earth, good quality water is a precious resource. Often water quality is more important than water quantity. The quality of the water affects the use we make of it, but the reverse is also true. Once we have used the water, we affect its quality. This circular process indicates that the traditional habit of discharging untreated sewage and chemical wastes directly into rivers, lakes, estuaries of oceans for eventual "assimilation" into the environment is no longer acceptable — either technically of morally. In this way all the major rivers and tributaries across the country have become the victim of point and diffused sources. Vast stretches of many major rivers including Ganga and Yamuna have became virtual sewers and rendered unfit for human use. Under various monitoring programs of national aquatic resources by CPCB, water quality data is available for many of these polluted rivers. Such data, however, can only give qualitative information in the near field region of the monitoring stations. It is neither possible to extrapolate the data collected at few locations over the entire length of the river. But, the formulation of any river management plans for the ecological restoration of the impaired river stretches requires comprehensive information on water quality profile of the entire river length of interest w.r.t. various restoration strategies. The only way of studying the water quality response (over several hundred miles) for alternative restoration strategies is modeling and computer simulation.


The major aspect of surface water quality modeling involves the effects of water quality changes in streams, rivers, estuaries, and oceans subject to both natural and anthropogenic inputs. The development of Surface water quality models involves the application of materials balances and kinetic expressions to describe the response of the physical system. By modeling river and estuarine systems it is possible to assess the assimilative capacity of these systems, and thus to predict the impacts of proposed developments and natural occurrences. 


The surface water quality models have been developed with the objective of describing the water quality processes in rivers. The models have the capability of simulating both dissolved and sediment attached pollutants. Mathematical models can be used to predict changes in ambient water quality due to changes in discharges of wastewater. Although a range of parameters may be of interest, a modeling exercise typically focuses on a few, such as dissolved oxygen, coliform bacteria, or nutrients. Predicting the water quality impacts of a single discharge can often be done quickly and sufficiently accurately with a simple model. Regional water quality planning usually requires a model with a broader geographic scale, more data, and a more complex model structure.


Yamuna River is one of the important all-weather rivers of India originating from Himalayas. The river Yamuna covers 345,850 sq km of area while traversing from Himalayas to the plains of Uttar Pradesh at Allahabad and there it loses its identity. It serves as lifeline to the people while flowing through its path. However rapid industrialization, deforestation and urbanization led to large discharge of industrial waste and sewage to the river affecting it dissolved oxygen concentration. This has led water unfit for drinking. It is not safe for even animals, birds, fishes etc. This all happens in a short span of traversing 21 km of so called ‘Delhi segment’. 


Recovery of this polluted river is a challenge. In this study, mathematical models for Dissolved oxygen and Biochemical oxygen demand are applied to determine the impact of discharge from various point loads on the water quality of the river Yamuna during its course through the National Capital Territory (NCT) of Delhi, India. This paper describes the modeling approach for the water quality processes and it demonstrates a small application of the water quality model to Yamuna River.
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Chapter1
Introduction 

1.1  Introduction

River basins have witnessed the rise and fall of many civilizations that have left indelible imprints on human history. Settlements on the banks and the agriculture practices on the fertile fields of the Nile valley and on the Indus valley marked the beginning of organized human efforts to cultivate lands and build urban culture in contrast to the lives of our nomadic ancestors. It is the river waters that have continued to sustain man in many parts of the world throughout the history, as water is essential for human survival; the terrestrial ecosystem can not function without it. Water is life and thus the quality of water is an essential measure of the quality of life or rather the existence of life. Consequently water quality management is (or should be) one of the most important activities of mankind, so as to protect and save human life and the life of other living things, which latter is a precondition of human life as well.
Water is needed for agricultural production, domestic, industrial and manufacturing processes, hydroelectric power generation, recreation, navigation, low flow augmentation, enhancement of fish and wildlife, drinking and personal hygiene, and a variety of other purposes. It is important to realize that management of water does not only mean the quantity of water available for different purposes but also its quality.   During last three decades it has become increasingly evident that pollution has contaminated different uses of water in many parts of the world, and in certain cases has even been destroying possible utilization of important sources of supply. With the development of new technologies, industries & modernization of society raise the water utilization in urban as well as rural areas. More requirement of water means more discharge of wastewater. This further enhances the pollution level in water bodies. 

The management of water quality, or the protection of the aquatic ecosystem in a broader Sense, means the control of pollution. Water pollution originates from point and non- point (diffuse) sources and it is always due to human actions. It is said that no such thing as “natural pollution” exists, as sometimes advocated by people. Earlier the wastewater used to allow to flow into rivers without any treatment. But if this would have been continued the water bodies might have converted into large sewers. It is because of the presence of the organic matter into the waste water, which consumes the dissolved oxygen for its aerobic decomposition and hence finally causes in depletion of DO levels in water bodies. Now there was a need of some technique which can be used to treat wastewater before entering water body, and the concept of treatment plants begin. However, to determine the proper level of treatment, it is necessary to predict water quality as function of waste loading. Therefore, researchers began to develop mathematical models for assessing water quality and evaluating of waste loading8. 

A crucial element in the series of complex activities of planning and implementing water pollution control actions is the quantitative determination and description of the cause-and reflect relationship between human activities and the state (the response) of the aquatic system, its quantity and quality. These activities together can be termed the modeling of aquatic systems (hydrological, hydraulic and water quality modeling). These activities are aimed at calculating the joint effect (the impact) of natural and anthropogenic processes on the state of water systems.

In the study of natural ecosystems, often many variables simultaneously change with time and location due to anthropogenic influences (urban, industrial and agricultural activities, increasing consumption of water resources) as well as natural processes (changes in precipitation inputs, erosion, weathering or mineral dissolutions), systematically or otherwise. By measuring as many parameters as possible that define the system, it may be possible to understand their interactions and to assess the sustainability of the environment (Hopke, 1985). The long and short- term safety and health effects on humans and livestock depend upon the physical and chemical characteristics of the pollutants and level of exposure to such polluted water systems. Data collected by state, local or national agencies and private entities are needed to build the assessment that we need to make better pollution control decisions. Without data, we simply cannot know where pollution problems exist, where we need to focus our pollution control energies or where we have made progress.

Today number of water quality models have been developed but most of them are extension of two fairly simple equations proposed by Streeter and Phelps in 1925 for predicting the biochemical oxygen demand (BOD) and dissolved oxygen (DO) concentrations or deficits resulting from the discharge of biodegradable organic wastes. Dissolved oxygen (DO) is one of the most important parameters in river environments, impacting the survival of aquatic organisms (fish, shellfish and other aquatic biota). The impact of DO concentration on the aquatic organisms varies with the type of organisms and with the presence of other pollutants that can exaggerate the effect. There is a general consensus in the scientific communities that DO concentrations less than 4mg/L can create significant problems in the growth or even survival of fish and shellfish, while 2 mg/L is the threshold under which aquatic organisms can no longer survive.
Dissolved oxygen is one of the key parameters when analyzing the water quality. Dissolved oxygen depends on the biochemical oxygen demand (deoxygenating), nitrification, reaeration, sedimentation, and photosynthesis and on the algae respiration these constituents have six effects on oxygen. First, the biochemical oxygen demand (BOD5) is an equivalent indicator rather than a true physical or chemical substance. It measures the total concentration of dissolved oxygen that would eventually be demanded as wastewater degrades in the river. Second, the conversion of ammonia to nitrate in the nitrification process uses oxygen. Third, the nitrogen can induce plant growth. Fourth, the resulting photosynthesis and respiration of plants can add and delete oxygen from the river. Fifth, the demand of oxygen by sediment and benthic organisms can, in some instances, be a significant fraction of the total 106 oxygen demands. This is particularly true in small rivers. The sixth effect is the reaeration process. If oxygen is removed from the water column and the concentration falls below the saturation level, there is a tendency to reduce this deficit by the transfer of the gas from the atmosphere through the surface into the stream. If oxygen is added and the water column concentration is greater than the saturation level, the super saturation is reduced by the transfer of oxygen from the river to the air12.

1.2  Objectives of Present Study

The purpose of this thesis is to develop certain mathematical models and to show their applications to river basin water quality management. The objective is divided into the following:

i. To develop a water quality model for calibrating, predicting and analyzing the stream water quality in a multiple reach river basin.

ii. To identify the status of dissolved oxygen (DO) and BOD in any reach of the river due to an effluent discharge for a temperature range of 20-30 ºC.

iii. To develop a model in order to find the longitudinal variation in biochemical oxygen demand (BOD) and dissolved oxygen (DO) along the longitudinal section of the river.

An objective of this work is to set up a mathematical model of dissolved oxygen balance, which would able to predicate the DO variation with time. Through the mathematical modeling, those parameters, such as deoxygenation constant, photosynthesis rate, aeration coefficient, geometric dimensioning etc. can be determined. The study is being done for three different scenarios of temperature (10, 20 and 30 degree C) to account for minimum flow conditions occurring at different times of a year. Because of the empirical nature of reaeration constants the model uses, the impact of four different expressions assessed under all temperature scenarios to reveal the range of predictions that each expression leads to. 

The true purpose of developing these models in planning and management context is to develop insight into the behavior of a river basin, to determine the significance or importance of having more accurate or more detailed data, and to access the likely consequences of alternate strategies that might be considered in an effort to improve or maintain river water quality. These insights will be useful to guide the development of effective plans and decisions.

1.3  Scope of the study

The problem consists of the effect of wastewater discharge to assess the state of water quality and develop water quality objectives where designated water uses are threatened, now and in the future. The models have been developed for the evaluation of river water quality in terms of dissolved oxygen and biochemical oxygen demand. Two scenarios of ambient temperature are assumed (20 and 30 ºC) to account for minimum flow conditions occurring in different times of the year.

When an amount of BOD discharged into the stream for maintaining a desired DO in any reach of the stream is decided based on the probability of occurrence of the stream-flow, there is a probabilistic risk of not meeting the standard which may be determined by the degree of certainty desired. A reliability parameter included in the chance-constrained model allows knowing the percent of the time the water quality is maintained. The decision maker chooses the degree of reliability and the variation of the operating cost with the degrees of reliability is then calculated. In the present study the utility and application of the model is shown through a case study. Many other parameters such as effluent flow, deoxygenation coefficient, travel time of flow etc. may also face probabilistic risk not meeting the standard and in that case getting the solution of the problem would be difficult and therefore a simulation model has been utilised. 

1.4  Organisation of the Report

Chapter-1 gives an introduction to water quality management and thereby the various aspects used in the analysis. The objective and scope of the present investigation have also been emphasized along with the Organisation of the work

Chapter-2 this chapter is divided in two parts. First part gives idea about basic oxygen balance models in streams. This includes basic equation of the model and the assumptions made in the implementation of the model. Second part deals with the literature review of the earlier methods used in the analysis along with theoretical considerations. The investigations of various authors or researchers and their limitations regarding water quality determination are also incorporated here.

Chapter-3 Presents about the methodology adopted for the present study and description of the data used in the study. 

Chapter-4 this chapter deals with introduction of Surface water and Surface Water Quality. Sources which are responsible for the pollution of surface water are explained under Point Sources and Non-Point Sources. Further characteristics of few pollutants are discussed which causes pollution of surface water.

Chapter-5 in this chapter overall prospective of modeling is presented. Basic principals of modeling and Role of Modeling explain the importance of water quality modeling. Status of Environmental modeling in India shows why it is necessary to apply models to a river water quality. Models are classified and also the steps involved in the modeling are presented.

Chapter-6 presents a systematic methodology to predict the BOD and DO concentrations in a river of high BOD assimilative capacity by considering both the dispersion and sedimentation effects. The model evaluates the coefficients of deoxyganation by seeing the variation in DO and BOD for different values of Kd .Reaeration coefficient is calculated through simulation analysis using geometrical data of river and then DO concentration at any point in a reach of river is calculated, by taking the rapid assimilation of BOD concentration into consideration. The model does not require a prior knowledge of the initial DO deficit at the top of every intermediate reach. Taking a case study of Delhi stretch of river Yamuna where BOD removal rates are seen to be higher than normal rates, BOD and DO deficit occurring at a point in different reaches are predicted and compared with the observed values. Keeping various parameters constant but one, the sensitivity analysis is carried out so that variation of the objective function can be examined. The model will help to predict the future BOD and DO concentration to monitor the river water quality.  

Chapter-7 Presents Results and Discussions on the results obtained after the application of various models to a stretch of Yamuna River at Delhi.

Chapte-8 Presents Conclusions after all results and their in-depth analysis.


The limitations of the research and the assumptions made in the study could have been listed here; however, it is thought that they could be appreciated better as their need arises and thus are mentioned in the text as and when they appear.

Chapter 2

 Literature Review

2.1  Introduction

For anyone who has been thrilled by the excitement of canoeing on a river or quietly paddling on a stream, it is quite clear that the distinguishing feature of describing water quality in rivers and streams is the movement of the water, more or less rapidly, in a downstream direction. From a water quality engineering point of view, rivers have been studied more extensively and longer than other bodies of water, probably reflection the fact that many people live close to or interact with rivers and streams. Hydrologically then, our interest in rivers begins with the analysis of river flows. The magnitude and duration of flows coupled with the chemical quality of the waters determines, to a considerable degree, the biological characteristics of the stream. The river is an extremely rich and diverse ecosystem and any water quality analysis must recognize this diversity1.

Pollution is a vexing problem in developing countries where the population is growing rapidly, development demands are great, and governments have other investment priorities. In developing countries, on average, 90% to 95% of all domestic sewage and 75% of all industrial waste are discharged into surface waters without any treatment. All of India's 14 major rivers are badly polluted. Together they transport 50 million cubic meters of untreated sewage into India's coastal waters every year. The city of New Delhi dumps 200 million liters of raw sewage and 20 million liters of industrial wastes into the Yamuna River every day as the river passes through the city on its way to the Ganges. Sooner or later the rivers are overfed by waste discharge containing organic matter and have indigestion; they can be poisoned by toxic wastes or suffocated by oil sleeks that inhibit gas transfer with the atmosphere; they may suffer heat stroke from hot pollutants. Pollutants such as sulfur dioxide and oxides of nitrogen, which combine in the atmosphere to form acid rain, have had pervasive effects on both freshwater and land ecosystems. Acid rain lowers the pH of rivers and streams. Acidified waters kill many acid-sensitive fish. In the soil, acids can release heavy metals, such as lead, mercury, and cadmium that then percolate into waterways (88). Other problems derive from unusual climatic and hydrologic events that upset temperature and movement of water and disrupt the metabolic processes of the organisms18.

When pollution makes water unsuitable for drinking, recreation, agriculture and industry, it eventually also diminishes the aesthetic quality of rivers. Even more seriously, when contaminated water destroys aquatic life and reduces its reproductive abilities, it eventually menaces human health. Nobody escapes the effects of water pollution. Most often our waterways are being polluted by municipal, agricultural and industrial wastes, including many toxic synthetic chemicals which cannot be broken down at all by natural processes. Even in tiny amounts, some of these substances can cause serious harm. Water pollution degrades surface waters making them unsafe for drinking, fishing, swimming, and other activities. When pollution makes water unsuitable for drinking, recreation, agriculture and industry, it eventually also diminishes the aesthetic quality of lakes and rivers. Even more seriously, when contaminated water destroys aquatic life and reduces its reproductive abilities, it eventually menaces human health. Nobody escapes the effects of water pollution.
When organic matter is discharged into a stream, the decomposable organic matter becomes the food supply of the organisms in the aquatic environment. The organic matter is decomposed and converted into the stabilized form at the final state of the decomposition. There are two types of decomposition processes, namely aerobic and anaerobic which are distinct from each other. In the aerobic decomposition process, the dissolved oxygen is consumed for the satisfaction of biochemical oxygen demand (BOD) where the oxygen required for the decomposition or assimilation of any particular quantity of waste is expressed as its biochemical oxygen demand (BOD). On the other hand, in the anaerobic decomposition, an undesirable and prolonged septic condition in the stream takes place by production of methane, sulphides, carbon dioxide, ammonia and water as end products17.

As the proportion of sewage is increased, the water is overloaded with organic matters, which consumes more dissolved oxygen from the water for its decomposition and then the river will become more deoxygenated and eventually at a certain ratio of sewage to river water the toxicity will become more apparent, partly owing to the oxygen depletion. The final stage will be attained when the quantity of sewage is sufficient to remove all the dissolved oxygen of the water. When there is a belt of deoxygenated water, sewage will decompose under anaerobic conditions and sulphide will be formed, which is a toxic substance. For example increasing pollution in India’s many rivers that once symbolized its ancient civilization are dying a slow death because millions of tons of industrial effluents and domestic wastes flow into them daily. Many stretches of well-known rivers have died. Whether it be Ganga, that is no more in Kanpur (U.P.) or Yamuna, that vanishes as soon as it enters New Delhi. The Yamuna River is polluted with domestic waste, silt and industrial waste. The 22 –km stretch between Wazirabad and Okhla barrage in Delhi is only 2% of its catchment area, but it contributes about 80% of the river’s total pollution load. This leads significant degradation of water quality of river rendering the 490 km stretch from Okhla barrage to the confluence with the Chambal, and water quality of river improves to certain extent only after this confluence11.


The present concern for surface water quality has made it necessary for engineers and planners to predict the distribution of pollutants discharged into the river. There is a need to study, analyse and predict the important water quality and quantity vector so that it does not fall below acceptable level. The natural direction and current human actions unfortunately have not been conducive to enhance the environmental state of river basin.

The purpose of this report is to provide the reader with general overview of water pollution problems and water quality models. This chapter gives brief details of past and present studies of water quality models. Finally, it reviews briefly the existing models, which have been developed and applied in river basin. Accordingly, the literature review is for above has been presented in two parts:

· Oxygen balance models in streams and

· Work which has already been done.

2.2  Oxygen balance Models in Streams

Although River Water quality is affected by various parameters/pollutants but the basic criterion for measuring water quality in surface waters remains dissolved oxygen (DO) concentration. When a waste containing organic matter is introduced to the river it starts consuming dissolved oxygen biologically from the water for its aerobic decomposition.  Organic waste ( an established measure for the characterization of these wastes is the biochemical oxygen demand(BOD)) begin to consume oxygen present in the water body thus reducing the saturation concentration of dissolved oxygen and the existing dissolved oxygen concentration is called the oxygen deficit, which is very important parameter to assess surface water quality. Thus monitoring of DO and BOD concentrations can provide adequate check on the river conditions. Therefore, it is appropriate to review models, which have been proposed to describe the BOD satisfaction and oxygen consumption in river waters.

As the most important water quality parameter is dissolved oxygen (DO) and biochemical oxygen demand (BOD), several mathematical models for oxygen balance are developed and used as effective tools to predict the concentration of these parameters in the river. These mathematical models are differential equation representing the transport of BOD exerting organic matter and its impact on the concentration of DO level and how this DO level is affected with temperature in a particular river. These models have a wide range of application including calculation of dilution rate of pollutant, critical distances, critical concentrations and longitudinal variation of these parameters with river flow.

DO-BOD models deal with the oxygen household conditions of the river, by considering some of the main processes that affect dissolved oxygen (DO) concentrations of the water. These models are of basic importance since aquatic life, and thus the existence of the aquatic ecosystem, depend on the presence of dissolved oxygen in the water. In these models biodegradable organic matter is taken into consideration by a parameter termed “Biochemical oxygen demand, BOD”. BOD is defined as the quantity (mass) of oxygen consumed from a unit volume of water by microorganisms, while they decompose organic matter, during a specified period of time. Another main process in the oxygen household of streams is the process of “Reaeration”, the uptake of oxygen across the water surface due to the turbulent motion of water and to molecular diffusion. This process reduces the “oxygen deficit” (D) of water, which is defined as the difference between saturation oxygen content and the actual dissolved oxygen level.

The first model of DO was developed by Streeter-Phelps in 1925 called Streeter-Phelps model. This model describes the two basic mechanisms explained above by which the dissolved oxygen is consumed and replenished in the downstream direction of a river. The dissolved oxygen levels decrease due to degradation of soluble organic biochemical oxygen demand (BOD) and are replenished due to reaeration. By definition the BOD is increased at the same rate that the DO is depleted. The BOD and the DO are decreased at a rate proportional to the oxygen deficit, which results in the following differential equations:




[image: image3.wmf]D

k

L

k

dt

dD

r

d

-

=


D
- The oxygen deficit of water at any time t, mg/L

L
-  First stage BOD concentration in the water mg/L

Kd
 - rate coefficient of biochemical decomposition of organic matter, per day 

Kr
 - reaeration rate coefficient, per day 
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(2.1)

This solution can be found in textbook on surface water quality, e.g., Thomann and Mueller (1987), Chapra (1997), or in professional references on environmental engineering such as the Metcalf and Eddy handbook (1979). To apply the equation, it is necessary to specify temporal conditions. These conditions are usually established by assumptions of streams hydraulic regime. 

2.2.1 Assumptions involved in Streeter & Phelps model

i. Flow is uniform and steady.

ii. There is no longitudinal dispersion.

For rivers not influenced by tidal action, the one dimensional model developed by Streeter and Phelps has become the standard tool for mathematical analysis of the BOD-DO problem. It is based on the premise that advection (i.e., transport of pollutant through river water velocity) is the only relevant transport mechanism. Accordingly, BOD and DO values may be traced along the motion of water.

The remarkable work of Streeter and Phelps was, well suited to the computational capabilities of that time, and in fact yields acceptable results in many situations. By present computations standards, however, the assumption that transport takes place by advection alone unnecessarily restricts a model’s validity9. 

2.3  Work done for surface water quality modeling

In environmental research, there is increasing interest in the analysis of time series in relation to environmental degradation, which is one of the most important concerns of regulatory agencies who are responsible for the management of water resources. A prime question is whether or not the quality of water has changed over time or space? The mathematical modeling of the river water quality has been and is being dealt with by many authors. 

Streeter and Phelps (1925) created a model describing changes in oxygen concentration and its dependence on the organic substances in water (demand of biochemical oxygen). 

O’Connor (1967) and Velz (1938,1939,1947,1984) who continued to develop the mathematical and biochemical models for DO analyses in streams and most importantly in estuarine system such as New York harbor. The massive and detailed effort on the Thames Estuary in the United Kingdom ( Department of Scientific & Industrial Research, 1964) continued the development of estuarine DO analysis as did O’Connor (1960, 1962, 1965,  1966), Thomann (1963), and O’Connor and Muller(1984), among others.(ref Thomann and Muller)

Daubaras (1969) modeled the demand of biochemical oxygen (BOD5) self-purification of the Neris and the Vilnius city sewage disposal effects applied the Streeter-Phelps model. The study of processes related to change in the amounts of organic substances to nitrogen transformations in the Nemunas was made by Vincevičienė and Staniškis. Sakalauskienė The study of Biochemical oxygen demand, nitrification, nitrogen transformations and the load from point sources and tributaries in the Neris was analysed 
Jacoby and Loucks (1972) presented an investigation of the use of analytical optimization models to ‘screen’ the set of possible plans and to select a small number worthy of simulation analysis for water quantity management. The Delaware River basin was used as an example.

Lohani and Thanh (1978) have presented chance-constrained model, which considers stream flow as a random variable. The model uses an iterative procedure to derive the maximum allowable BOD at the top of each reach. Thus, the conversion of chance constrains to deterministic equivalents is possible. However, these computations require a prior Knowledge of the initial DO deficit at the top of each reach, which instead should have been a consequence of the treatment policy. Therefore, the initial DO deficits cannot be used as model parameters to determine their policy in the first place.

Van Belle and Hughes., (1984) analyzed the non-uniformly sampled biochemical oxygen demand (BOD) data set from two stations on Willamette River (Oregon) by trend detection method. The data spanned an 11-year period (1970-1981) with only few gaps. BOD has decreased over the period but no evidence on trend heterogeneity is found either between seasons or between stations by the modified Kendall’s tau test and intra block method.

Fuziwara et. Al. (1987) and Cardwell and Ellis (1993) presented a situation where domestic waste load and industrial waste load is allowed to enter main stream through multiple dischargers along the basin. The problem is formulated in the form of linear model which enables the application of the simple solution techniques.

Andreja, D., and Jana, Z. K., (1995) investigated the water quality of the river Sava nearby Ljubljana, Slovenia. Based on the data, they found that discharge of organic, degradable wastewater into the river Sava resulted in a decrease of dissolved oxygen concentration. A surface water quality model, QUAL2E, developed by United States Environmental Protection Agency, was applied to estimate the impact of discharged wastewater on quality of the river Sava. QUAL2E model was modified and sensitivity analysis was performed to determine the most important factors, which affect dissolved oxygen concentration in river water. The model was calibrated and validated according to the field measurements. On the basis of the model predictions it was estimated that in time when summer river low flow period occurs, wastewater should be treated to reach BOD value under 30 mg/l so that Slovenian water quality standards will not be violated.

Robson, A. J., and Neal, C., (1997) performed a regional analysis modeling of water quality in the Tweed river catchment in UK. The analysis was based on the extensive data records of the Tweed River Purification Board for the period 1985 -1994. Wide ranges of inorganic, nutrient and micro-organic determinants have been measured for samples taken from rivers, sewage works, refuse sites and industrial effluents. From the analysis they found that for many determinants, both diffuse and point sources contributed to the riverine load. Based on the water quality records, they developed a regional model. A basic empirical regression model was also investigated for nitrate and was found to be able to explain regional variations in terms of land use and soil type. Finally they concluded that the simple type of the approach might have provided a means of estimating how stream water quality will respond to future changes in land use.

Griensven (2002) developed an extended soil and water assessment tool (ESWAT) to allow for an integral modeling of the water quality and quantity processes in river basins.

Singh, K. P., et al., (2004) applied different multivariate statistical modeling techniques for evaluation of temporal and spatial variations and interpretation of a large complex water quality data set obtained during monitoring of Gomti River in Northern part of India. Water quality of the Gomti River was monitored at eight different sites selected in relatively low, moderate and high pollution regions, regularly over a period of 5 years (1994–1998) for 24 parameters. The complex data matrix (17,790 observations) was treated with different multivariate techniques such as cluster analysis, factor analysis/principal component analysis (FA/PCA) and discriminant analysis (DA). Cluster analysis (CA) showed good results rendering three different groups of similarity between the sampling sites reflecting the different water-quality parameters of the river system. Discriminant analysis showed the best results for data reduction and pattern recognition during both temporal and spatial analysis. Discriminant analysis showed five parameters (pH, temperature, conductivity, total alkalinity and magnesium) affording more than 88% right assignations in temporal analysis, while nine parameters (pH, temperature, alkalinity, Ca-hardness, DO, BOD, chloride, sulfate and TKN) to afford 91% right assignations in spatial analysis of three different regions in the basin. Thus, DA allowed reduction in dimensionality of the large data set, delineating a few indicator parameters responsible for large variations in water quality. This study presents necessity and usefulness of multivariate statistical modeling techniques for evaluation and interpretation of large complex data sets with a view to get better information about the water quality and design of monitoring network.

The models of dissolved oxygen described in the literature contain many empirical parameters. Applying a model to a concrete river, these parameters have to be adjusted according to the specific river conditions and the data available. Dissolved oxygen is an important parameter in stream and dissolved oxygen often determines the fauna diversity and affects the reproduction, growth and death of fish. Oxygen exists in air and dissolves into water according to partial pressure and temperature. In general, DO (dissolved oxygen) in unpolluted running water in near saturation, and under these circumstances the concentration of oxygen is of little biological significance. The DO decreases with temperature increase. However, in nature stream ecology, photosynthesis and respiration are the two important biological processes that can change the concentration of oxygen. The oxygen becomes a useful indicator of stream pollution1. 

Traditional single “spot” measurements of DO in a river may be unreliable, even misleading, in assessing the state of that water body, because they do not reveal extremes in dissolved oxygen and also because they do not reflect the effect of biological activity. In order to investigate the variation of dissolved oxygen concentration, continuous monitoring of DO was being done in Yamuna River. From measurements, how oxygen changed with time can be obtained6. 

Chapter 3
Material and Methods

3.1  Methodology adopted


The whole work is divided into three parts. In the first part Streeter Phelps model of Dissolved oxygen is used to plot the variations of dissolved oxygen and biochemical oxygen demand with temperature and distance. This work is done by developing software in MATLAB.


In the second part the value of deoxygenation constant is calibrated for four stations named Palla, Monastery, Pantoon Bridge and Nizamuddin Bridge using DO-BOD expanded models. The calibration of deoxygenation constant involves trial and error method. 


In the third part the calibrated value of deoxygenation constant was used for finding the longitudinal variation of DO and BOD along the stretch of the river downstream of Wazirabad. Reaeration constant is calculated using geometrical data of river. Also the width of the river is calibrated in such a manner that the difference between observed and calculated data becomes least. Once the model is calibrated for year 1995-96 data, it is verified for next two sets of data i.e. for year 1996-97 and 1997-98. At the end to select the important parameters of model, Sensitivity analysis is carried out. The second and third part of the thesis has been calculated by developing software using C language.

3.2  Method of mathematical modeling 


The aim of mathematical modeling was to compare the results between experiment and model. The oxygen balance in a river is dependent on the oxygen producing processes, primarily the primary production of the plants and algae (photosynthesis) and the oxygen consuming processes, primarily the decomposition of organic matter and the oxidation of ammonia. Furthermore coming in and coming out of oxygen from atmosphere through diffusion processes and by coming in and coming out of water from tributaries and ground water control the oxygen balance. The oxygen balance includes the processes of photosynthesis, respiration and diffusion. In this work, the rate of photosynthesis, coefficient of deoxygenation and reaeration constant are calculated by the principle of oxygen balance. 

3.3  Technology used for modeling

1. Software is developed for the solution of Streeter & Phelps model using MATLAB version 7.0. The advantage of this software is that it solves the model within seconds as one enters the required data for solution.

2. Software using C language is developed for the calculation of deoxygenation constant, Reaeration constant, concentration of dissolved oxygen and Biochemical oxygen demand.

3.4  Data used in the study


All the data of DO and BOD for Yamuna River is taken from CPCB report. The data is given for yearly basis which contains monthly values of DO and BOD for drains. While it has DO and Flow data for River for four stations named Palla, Monastery, Pantoon Bridge, Nizamudding Bridge. Three years data is used in the present study i.e. 1995-96, 1996-97, and 1997-98.

(Source: Assessment and development of river Basin)

Series: ADSORBS/32/1999-2000

3.5  Parameters used in the Study


All the parameters are explained in chapter 6 under section 6.3.4.
Chapter 4

Formation and pollution of Surface water

4.1  Introduction
 “And God said, let the waters under the heaven be gathered together unto one place, and let the dry land appear and it was so. And God called the dry land earth; and the gathering together of the waters called his seas; and God saw that it was good.”

4.1.1  Hydrologic Cycle

Earth's water is always in movement, and the water cycle, also known as the hydrologic cycle, describes the continuous movement of water on, above, and below the surface of the Earth. Since the water cycle is truly a "cycle," there is no beginning or end. Water can change states among liquid, vapor, and ice at various places in the water cycle, with these processes happening in the blink of an eye and over millions of years. 
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Fig-4.1 Hydrologic Cycle

4.1.2  Formation of surface water

The oceans supply most of the evaporated water found in the atmosphere. Of this evaporated water, only 91% of it is returned to the ocean basins by way of precipitation. The remaining 9% if transported to areas over landmasses as interception by vegetation, infiltration and percolation and terminated with overland flow, interflow and groundwater flow generating surface runoff. Surface water may thus be defined as all water on the surface of the land, including runoff moving across the land surface, stream flow in rivers, creeks, or other natural channels, ground water contributed through seeps or springs, and storage in lakes, ponds, or reservoirs.

4.1.3  Importance of surface water

Water is limited both in quantity and quality. As available fresh water is limited (only 1% of the total water reserve), it good quality must be maintained and polluted water must be restored. Thus pollution and scarcity of water resources are the most important challenges in some countries, especially in arid and semi-arid regions. Surface water in this respect comes into the category of the most threatened of the natural resources of the present times.

Current estimates are that the Earth's hydrosphere contains a huge amount of water - about 1386 million cubic kilometers. However, 97.5% of this amount is saline waters and only 2.5% is fresh water. The greater portion of this fresh water (68.7%) is in the form of ice and permanent snow cover in the Antarctic, the Arctic, and in the mountainous regions. Next, 29.9% exists as fresh ground water. 
However the degree of pollution or the pollution risk of surface water is far higher. Runoff over a watershed or punctual discharges of industrial and urban wastewater determine an immediate and direct contact between pollutants and superficial water bodies which consequently attain high concentration of most all type of pollutants21. 

4.2  Pollution of River Water

4.2.1  Introduction: Every human activity affecting watershed components can have a strong impact on the surface water quality.  One way people influence surface water composition is by adding potential pollution sources to the watershed. How the land in a watershed is used by people, whether it is farms, houses or shopping centers, has a direct impact on the surface water quality collected from the watershed.  When it rains, storm water carries with it the effects of human activities as it drains off the land into the local waterway.  As rain washes over a parking lot, it might pick up litter, road salt and motor oil and carry these pollutants to a local stream.  On a farm, rain might wash fertilizers and soil into a pond.  Snow melt might wash fertilizers and pesticides from a suburban lawn.

4.3  Nature of Inputs

· Point Sources

· Non-Point Sources

4.3.1  Point sources 


These are easily identified because they usually come out of a "pipe." Examples include sewage treatment plants, large injection wells, industrial plants, livestock facilities, landfills, and others.
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Fig-3.2 Point Source

4.3.2  Non-point sources 

These refer to widespread, seemingly insignificant amounts of pollutants which, cumulatively, threaten water quality and natural systems. Examples of Nonpoint sources include septic systems, agriculture, construction, grazing, forestry, recreational activities, careless household management, lawn care, and parking lot and other urban runoff.

In addition to the fact that the non-point sources result from diffuse locations, non-point sources also tend to be transient in tie although not always. For example, agriculture and urban and suburban runoff tend to be transient resulting from flows due to precipitation at various times of the year. Nonpoint sources are not required to have a permit. Individually, each may not be a serious threat, but together they may be a significant threat.
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   Fig-3.3 Non-Point Source
4.3.3  Other sources 


These aren't classified under point or non-point sources include underground petroleum storage systems and many large and small businesses like dry cleaners, restaurants, and automotive repair shops. Although a large number of underground storage tanks have been removed or upgraded, a significant number remain. Businesses can threaten groundwater with a wide variety of potentially contaminating substances16.

4.4  Surface Water Pollutants

The main groups of pollutants which can affect surface water bodies are:

· Organic Material

· Phosphorus

· Heavy Metals

· Detergent and Surfactants

· Trace Synthetic organic Compounds

4.4.1  Organic material

Organic material can be found in surface waters either as dissolved compounds or in a suspended form. It can be measure with TOC analyzers or indirectly by the determination of BOD, BOD5 and COD.

Organic matter in used from water organisms either as energy source or for producing growth substances. Biodegradation of organic compounds requires oxygen as the energy production is an oxidation process requiring oxygen as final electron acceptor. Therefore level of organic matter in the water bodies can cause rapid oxygen depletion, especially in condition of low oxygen turnover (high temperature, still water). The decrease of dissolved oxygen impairs the growth of aerobic microorganism which decomposes organic matter producing CO2, H2O, nitrates, sulphates and phosphates as final products and favors anaerobic conditions which are detrimental for the aquatic life. 

4.4.2  Phosphorus

Phosphorus can enter the surface water in form of phosphate and of organic compounds. It can derive either from distributed sources or from point source. The most important diffuse source is rain water runoff from natural and agricultural soil. Point source of phosphorus pollution is black water (containing organic phosphorus from human metabolism) and gray water from urban and rural settlements, industrial waste water and wastewater from animal husbandry. 

Agricultural role in phosphorus pollution seem to be of scarce relevance. Fertilizer phosphate is tightly adsorbed by soil colloids and only phosphate in soil particle can reach surface water as consequence of erosive processes. 

The main important effect of P on surface water is eutrophication. As P is the limiting factor for algal growth when high concentration of this element are attained as impressive algal bloom can occur. The considerable amount of organic material deriving from the algal photosynthetic process is decomposed from water aerobic microorganism thus depleting oxygen and triggering anaerobic putrefactive conditions. Oxygen deficiency and toxic substance from anaerobic metabolism cause fish death and impairment of aquatic life.  

4.4.3  Heavy Metals

Heavy metals such as (mercury, lead, chromium and cadmium) may originate in industrial discharges, runoff from city streets, mining activities, leachate from landfills, and a variety of other sources. Also agriculture can contribute to heavy metal pollution as these elements are contained in some pesticides and as trace in fertilizer. Most of these metals which are generally persistent in the environment are hazardous for any aquatic ecosystem as well as for human health. The polluting potential of heavy metals depends not only on their concentration in water but also on the form in which they are present. It is well known that with the exception of mercury the toxicity of heavy metals is due to the ionic forms while the coordinated and the precipitated forms are less hazardous. Therefore all the conditions favoring the formation of heavy metal ions (e.g. for many metals low pH values) increase the risk of water contamination. On the other hand it must be considered that precipitation of heavy metals or their absorption on suspended and sedimented particles poses a long term risk as heavy metal ions can be liberated if conditions favorable to solubilization occur. 

The hazardousness of heavy metals is increased from their accumulation in some organism of the food chain, like for example mollusks and algae. Therefore acceptability limits of heavy metals concentrations have been proposed in order to protect some aquatic species and to avoid bioaccumulation phenomena. 

4.4.4  Detergent and Surfactants

Surfactants and detergents are common contaminants of surface water due to their large consume and to their use for every type of washing and cleaning operation. Detergents and surfactants have a high biodegradability and have a moderate toxicity for fish. However they can affect the oxygen turnover of surface water and reduce the sedimentation process thus delaying water clarification. The threshold values which can impair aquatic life are 3-12 mg/l for anionic detergents, 3-38 mg/l for non-ionic detergents and 20 for cationic detergents.

4.4.5  Trace Synthetic Organic Compound

Many synthetic organic compounds can be found as trace contaminants in surface water. Even if they are present in very low concentration they can represents a long term hazard due to accumulation process either in food chain or in water sediment. Source of these organic compounds can be the agricultural activities (e.g. pesticide use), accidents (like the oil pipeline breakage) and the industrial discharges. Wastewater deriving from chemical industries is the main source of surface water contamination with synthetic organic compounds, the type of polluting varying according the type of processed material. Example of hazardous contaminants released by industrial activities is petroleum products, solvents, polychlorinated biphenyls (PCBs), polychlorinated phenols (PCPs), dioxin, polyaromatic hydrocarbons (PAHs), and dioxins. 

Factor affecting the toxicity of synthetic organic compound are molecular structure, water solubility, biodegradability and volatility22. 

Chapter 5
Surface Water Quality Modeling

5.1  Introduction: Nature of Problem
The basic objective of the field of water quality modeling or engineering is the determination of the environmental controls that must be instituted to achieve a specific environmental quality objective. The problem arises principally from the discharge of the residues of human and natural activities that result, in some way, in an interference of a desirable use of water1. 

5.2  Overall perspective of Modeling


Surface water quality monitoring strategy is designed to describe the overall environmental quality of each major river basin and to identify monitored water bodies that do not fully support designated uses. Four goals of the monitoring program are:

i. Measure the physical, chemical, bacteriological, and biological quality of the   aquatic environment in all river basins and identify factors responsible for impairment.

ii. Assess the impact of human or other activities that occur in all river basins and the probable effects of these activities on the quality of the dynamic ecosystem and drinking water source protection.

iii. Identify trends through analysis of environmental data from a variety of sources and make recommendations for the protection of designated uses of the water resources of the state.

iv. Provide environmental quality assessment reports to support the water quality management program in partnership with customers and stakeholders.

5.2.1  Basic Principles for modeling

Knowledge of the basic principle of water quality modeling allows modelers to understand how models may be applied and when misapplication may result. 

i. The important first principle involved include the conservation of mass (Newton’s Law relating mass and force in dynamic system, F= ma). Except for the conservation laws, most of the basis of water quality modeling derives from empirical or phenomenological process descriptions. As a result, the limitations of modeling cannot be understood unless the basis of each process model is described. 

ii. The second principle is conservation of momentum principle, which is similar to the mass balance. In essence, the conservation of momentum equations are a statement about the forces that affect water movement.

The mass balance volume may include the surface of the benthic sediments or may involve specification of the flux of material to and from the bottom. On some occasions, separate mass balances are performed for the water column and benthic sediments. The use of a separate mass balance for benthic sediments has primarily been used for the modeling of toxic chemicals that readily attach to sediment and for modeling the nutrient flux controlling eutrophication. 
5.2.2  Role of Modeling

Descriptive modeling can be very useful for extrapolating monitoring data. The use of models to describe water quality conditions in river segments between dispersed sampling locations or for extrapolation over periods between sampling times is superior to any crude linear extrapolation, any statistical analysis, or any qualitative extrapolation. However, descriptive modeling to supplement monitoring has not been fully developed.

To aid in the understanding of the importance of modeling, it should be noted that there are a number of different types of studies in which modeling is crucial. Stream water quality modeling is used for screening studies, for planning and design of sewage treatment plant to eliminate pollution, and to guide the management of river basins. Each of these uses involves different types of models or models applied in different ways. Screening level studies typically use simple models that can only indicate if potential problems may occur. Where problems exist, screening level models can be useful in formulating a preliminary indication of the major causes. 

Many important decisions regarding the discharge of organic wastes in municipal and industrial wastewaters are based on a more elaborate, calibrated model of the water quality of the receiving stream. Occasionally, complex models are applied to attempt to refine the operation of sewage treatment plants on a seasonal basis. In addition, modeling has proven to be a useful method of analysis to explore the interactive effects point sources and Nonpoint sources on water quality. Point sources are discrete inflows of polluted water that usually enter a stream through a pipe or channel from a wastewater that arise from urban and agricultural areas on natural wetland. Nonpoint sources enter the stream as overland flow, as groundwater flow or as flow collected in tributaries. Typically, Nonpoint sources cannot be measured estimation techniques rely on modeling or simple mass balances12.

5.2.3  Status of Environmental Modeling in India

Unlike developed countries, application of simulation tools for the management of environmental problems is not widespread but still remains within limited scientific community. Shortage of computing facilities was once a problem, but not a serious problem now. The main hurdle is the shortage of expertise and trained manpower to implement the modeling projects. There is acute shortage of trained personnel who can effectively use the myriad number of simulation tools available to solve many real world problems. Another major problem in the use of modeling and simulation in developing countries like India is the scarcity of data. Even though the data are sparse and largely qualitative, a simulation model may make better use of existing information than the usual intuitive approach for waste load allocation and river management purposes. Mississippi water quality modeling is an interesting case study (Seng et al 1995) in this regard. Qual 2E (Brown et al 1987) has been extensively used worldwide for waste load allocation purposes, but in India it has been mainly used for water quality impact assessment studies. Design of sampling protocol and data collection is model specific (William 1992) and modeling objectives21.

5.2.4  Limitations of modeling

i. The lack of precise understanding of model limitations hampers more extensive application since only experienced modelers seem capable of understanding the vaguely defined limits of applications.

ii. A clear statement of the limitations of model formulations is necessary because modeling techniques are derived from a diverse collection of interdisciplinary methods. It is rare to find a neophyte modeler with the necessary experience in environmental fluid mechanics, aquatic biochemistry, ecology, analytical chemistry, physical chemistry, sanitary engineering, chemical engineering, and the other topical areas from which modeling methods are adopted.

iii. Experienced model users do not always take care to determine and report the uncertainty in modeling results in a way that is easily interpreted by resource managers. Therefore, it is important to note the areas where basic principles are used to aid in defining where limited empirical and phenomenological methods are employed.

iv. To guard against the misuse of stream water quality models, there are too few safeguards. Fully successful water quality modeling requires some modeling experience and general knowledge in diverse fields of biology, chemistry, and engineering to note those unique conditions that may be beyond the limitations of current models.

5.3  Surface Water Quality Models

5.3.1 Introduction - Models provide a means to predict the impacts of natural processes and human activities on the physical, chemical, and biological characteristics of water in a river/reservoir system. Models are used widely to evaluate the impacts of waste loads from treatment plants or pollutant loads from various other point and non point sources. Models can be used in conjunction with water quality monitoring activities to interpolate or extrapolate sampled data to other locations and times. Models are also used as research tools to develop an understanding of the processes and interactions affecting water quality. 

5.3.2  Definition and Terminology involved 

i. Model- An assembly of concepts in the form of one or more mathematical equations that approximates the behavior of a natural system or phenomena.
ii. Computer Code or Program-The assembly of algorithms describing water quality processes. The codified numerical solution methods, book-keeping procedures, and data control and storage procedures that can be executed beginning with the acceptance of data and instructions regarding the processing, interpretation, and analysis of the specified data and any other data that permanently resides within the code, to the reporting and delivery of the results of the computerized analysis.
A collection of two or more separate computer programs that process data for varying degrees and transfer data for further processing or parallel processing of data is sometimes referred to as a modeling system9. 

5.3.3  Illustration of the components in a modeling system
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Fig-5.1 This particular system is the water quality for River/ Reservoir systems that involves three primary computer codes that are operated serially or in parallel as physical configuration of the river basin dictates. The primary components are serviced by optional pre and post- processing programs.

5.4  Classification of the Models


1. Physical Models: - A way of directly modeling a system.

2. Mathematical Models: - Models that use mathematical equations to describe elements of the problem are mathematical models. In fact they are indirect models.

3. Analytical Models: - They have closed form calculus solutions.

Mathematical Models further can be classified as:

a) Deterministic Models: - Model processes which are often described by differential equations, with a unique input leading to unique output for well-defined linear models and with multiple outputs possible for non-linear models. There are two types of deterministic models depending upon type of mathematical equations involved:

· Analytical: They solve one equation of surface water flow at a time and the result can be applied to one point or “line of points” in the analyzed flow field.

· Numeric: They describe the entire flow field of interest at the same time providing solutions for as many data points as specified by the user.

b) Probabilistic Models: - They are based on the laws of probability and statistics.

c) Empirical Models: - They are derived from experimental data that are fitted to some mathematical function.

4. Steady State or Dynamic Models: This is the classification based upon whether water quality changes with respect to the time or not.

a) Steady State Models: These models use averaged loads and flows entering the stream over specific periods of time to compute the average response in the stream. Flows and loads specified for steady state are constant.

b) Dynamic Models: These models approximate the response of a stream to time-variable changes in the loads entering the stream. 

c) Quasi-dynamic Models: these are the models which require some boundary conditions be constant but allow other conditions to vary. The most useful example of such a model is an option of the QUAL2E model that bases water-quality calculations on the specification of constant flows and loads, but allows specification of time varying me meteorological conditions and simulates the effect of variable sunlight, air temperature, and wind speed on water quality conditions5.

5.4.1  Categorization of Models 

i. Zero-dimensional model: A segment of the stream is described by a single computational element, ignoring any lateral, vertical, and longitudinal variation that may occur. The single element is treated like a completely mixed reactor. This approach may be most useful in a screening –level analysis of a mixing zone. It is rarely expected to be used in typical stream studies.

ii. One-dimensional model: Where lateral and vertical variation is unimportant, the stream is described by a series of computational elements extending downstream and describing the longitudinal gradients that are prevalent in streams. This is the most common approach to describing stream water quality.

iii. Two-dimensional Model: This is model that describes the variation in two directions. The most useful riverine type descries lateral and longitudinal gradients and assumes that vertical variations are unimportant (i.e. water quality can be depth averaged). These models are occasionally used to define mixing zones in the vicinity of where point sources of pollution enter the stream. Rivers are not frequently stratified: but when this occurs, vertical gradients are usually important as well. Therefore, width-averaged, stratified river models do not seem to be very useful at present. 

iv. Three-dimensional Model: This is a model that describes vertical, lateral, and longitudinal gradients of water quality parameters. These models are occasionally used to describe complex mixing zones such as those formed by cooling water discharges from electrical power generation plants where the stratification results in significant vertical gradient. These can be seen in the following figures8, 9. 

5.4.2  Data description for the formation of model

i. Boundary Conditions- These are the set of data that describes the mass and energy that enter the model domain (subset of the stream environment being simulated). This usually involved the specification of flow and loads entering the head of the reach from upstream of the model domain and from point sources and Nonpoint sources that enter at discrete or diffused locations over the length of the stream segment being simulated. 

ii. Initial Conditions- These are the data specified for dynamic or quasi-dynamic models to define the water quality condition at the beginning of the simulation period. Flow-depth and all water quality parameters being simulated are specified for all computational elements in the model domain. These data are used to begin iterative solutions of the governing equations.

iii. Calibrated Data- These are the water quality data defining boundary conditions and conditions within the model domain during the period of simulation. Conditions within the model domain are measured for the purpose of comparing observed conditions in the stream with predicted conditions. Model coefficients and parameters are adjusted until the predictions match the observations, if the conditions in the stream can be reasonably approximated with the model being calibrated and if the boundary conditions are accurately measured.

iv. Validation or Confirmation data- This is an independent set of flow and water quality data collected in the same manner as the calibration data is collected to define internal and boundary conditions when the stream is at a different state of behavior. Model predictions are compared to these data without modification of the calibrated coefficients and parameters to determine if the model has been adequately calibrated for the range of conditions defined by the calibration and confirmation data8.

5.4.3 Importance of models in determination of Water Quality
In order to determine the impacts of a particular discharge on ambient water quality, it is usually necessary to model the diffusion and dispersion of the discharge in the relevant water body. The approach applies both to new discharges and to the upgrading of existing sources.

Water quality models are a tool for simulating the movement of precipitation and pollutants from the ground surface through pipe and channel networks, storage treatment units and finally to receiving waters. Both single-event and continuous simulation may be performed on catchments having storm sewers and natural drainage, for prediction of flows, stages and pollutant concentrations. Each water quality model has its own unique purpose and simulation characteristics and the reader is advised to thoroughly review downloading and data input instructions for each model. 

Models are necessary to both describe and predict water quality conditions. Current modeling practice provides a rational, descriptive framework for the analysis of existing problems and provides limited predictive capability that cannot be achieved by simply monitoring of measuring water quality. Descriptive modeling is most important because it makes it possible to understand the cause and effect relationships that govern water quality in a river. Once cause and effect relationships are known, management alternatives can be explored and the result of any improvements and changes can be projected. The certainty or any projection depends upon how well the cause and effect relationships can be determined. By definition, river models are limited to approximate descriptions of cause and effect and if the utility of these methods is to be understood, these limitations must be understood.

5.4.4  The flow process in modeling

Step 1: Problem specification: Getting started


The modeling process starts with a problem specification phase. In other words the water-quality engineer must be provided with a clear delineation of the objectives of the customer. This can be an individual or a decision-making entity such as a corporation, a municipality, or a regulatory agency. Two primary information sources feed this phase. The first are management objectives, control options, and constraints, which might include physical constraints as well as legal, regulatory, and economic information. The second source is data related to the physics, chemistry, and biology of the water body and its drainage basin.

Step 2: Model Selection

There are many water quality problems for which canned packages are inadequate or unavailable. These reflect both kinetics (for instance, they don’t simulate the right pollutants) and the time space scale considerations. For example current interest in Nonpoint source pollution has prompted the need for water quality models with built in hydrodynamics.

Step 3: Theoretical development

First one should provide a theoretical development that specifies the required variables and parameters along with the associated continuity equations. The continuity equations are most frequently written for mass and/or energy. In cases where hydrodynamics are simulated, momentum balances are also included.

Step 4: Numerical specification and validation

After we develop the theoretical specifications, the equations are implemented on the computer. This phase consists of several sub steps, including algorithm design that is, (specification of data structure and numerical solution techniques), coding in a computer language, debugging, testing, and documentation, the numerical methods are chosen to generate sufficiently stable and accurate solutions for the minimum computational effort. The following are some specific suggestions for establishing that the model calculations are valid:

i. Mass balance: The model should be checked to ensure that mass is balanced. That is, over the period of the calculation the change of accumulation should equal the integral of the sources minus the sink of mass.

ii. Simplified Solutions: The model output can be compared with simplified cases for which closed form solutions are possible. For example time variable models can be run to steady state. The results can then be checked against closed form steady state solutions. 

iii. Range of conditions: Although the foregoing suggestion can help to identify major model flaws they will not ensure that the model operates under a wide range of conditions. Therefore the model should be tested for robustness by applying it to different type of systems under differing initial conditions, boundary conditions, and loading scenarios.

iv. Graphical Results: A graphical interface is invaluable in assessing model performance and identifying model flaws.

v. Benchmarking: Finally benchmarking involves having a wide number of users implement the model. Not only this process result in identification of errors, but it also provides guidance on how to modify the model so that it more adequately meets the user’s need.

Step 5: Calibration

The next step in the process is to calibrate or “tune” the model to fit a data set. This consists of varying the model parameters to obtain an optimal agreement between the model calculations and the data set. It is infect the first stage testing or tuning of the model to a set of field data not used in the original construction of the model. 

Model calibration is actually the process by which one obtains estimates for the model parameters through the comparison of field observations and model predictions. Even if the steady state condition is assumed, the environmental parameters can still vary due to random changes of temp, stream discharge, time of day, and general weather conditions. Due to this inherent dynamic nature of the environment, discrepancies between the predicted and observed results are bound to occur. How credible the model is, or what is the level of confidence that can be placed on the model predictions is all depending on the range of discrepancies mentioned above. Such discrepancies must be minimized to the extent possible by identifying and minimizing sources of error (measurement errors, conceptual error in the model, approximation errors due to nature of model being calibrated). 

Step 6: Confirmation and Robustness

Before the model can be used with confidence to make management predictions, it must be confirmed. To do this the calibrated model should be run for a new data set (or ideally, several data sets), with the physical parameters and the forcing functions changed to reflect the new conditions. If the new model simulations match the new data, the model has been confirmed as an effective prediction tool for the range of conditions defined by the original calibration and the confirmation data sets. 

Step 7: Post Audit 

After implementation of remedial actions, a check can be made to learn whether the model predictions were valid. In a very few cases such model post audits have shown excellent agreement between the predictions and the resulting water quality5, 9. 

5.5  Scaling Issue in Modeling

When describing phenomena in nature we soon run into problems with scale often we collect information at a point scale when we want to represent a problem at a much larger scale or we have average data for a large area and we want to know what occurs at a smaller scale. Many modeling software tools let the user define the scale and units of the problem; therefore the scale of the problem is not an important issue. Some models, however, are more rigid and are mainly used at particular scales. In cases where a model can be applied at different scales (depending on the user’s definition) it is usually necessary to reduce the complexity as the scale increases.

 The flow process in modeling is shown in the following figure


[image: image8]
Fig 5.2 Schematic Representation of the Steps Involved in Modeling

5.6  Model Use

A model is necessary to both describe and predict water quality conditions. Current modeling practice provides a rational, descriptive framework for the analysis of existing problems and provides limited predictive capability that cannot be achieved by simply monitoring or measuring water quantity. Descriptive modeling is most important because it makes it possible to understand the cause and effect relationship that govern water quality in a river. Once cause and effect relationships are known, management alternatives can be explored and the result of any improvements and changes can be projected. The certainty of any projection depends upon how well the cause and effect relationships can be determined. By definition, river models are limited to approximate descriptions of cause and effect and if the utility of these methods is to be understood. These limitations must be understood.

Descriptive modeling can be very useful for extrapolation monitoring data. The use of model to describe water quality conditions in river segments between dispersed sampling locations or for extrapolation over periods between sampling times is superior to any crude linear extrapolation, any statistical analysis, or any qualitative extrapolation, however, descriptive modeling to supplement monitoring has not been fully developed.

In the past, there has been a tendency to think of the collection of monitoring data and modeling as separate approaches to describing water quality. Although it is true that monitoring data are usually collected too infrequently and at locations that are spatially too disperse to support intense model studies. Screening-level modeling based on available monitoring data can be used to design refined monitoring studies for model calibration. Intensive, synoptic data collection studies are a mandatory step in any precise modeling study, but these studies differ from monitoring only be degree of spatial and temporal sampling intensity. Therefore, monitoring studies and precise modeling studies seem to differ primarily by degree of sampling intensity required9.

Chapter 6
Modeling of Water Quality for Yamuna River at Delhi

6.1  Introduction

In the closing decades of the 20th century environmental pollution emerged as a major concern for the survival and welfare of mankind through out the world. Modern civilization, armed with rapidly advancing technology and fast growing economic system is under increasing threat from its own activities causing water pollution. Water is the basic component of life and therefore its vital importance (IJEH 1989).

The river Yamuna is the largest tributary of river Ganga originated from Yamunotri glacier of Himalayas, and has been one of the most sacred rivers of India, used for irrigation and industrial purpose (POLL Res. 18 1 109-10 1999). The river enters Delhi near Palla Village after traversing a route of about 224 km. The National capital Territory of Delhi covers an area of 1483 km2 of this 797.66 km2 is rural and remaining 686.34 km2 urban (IJEP 26 2000). The industrial development in Delhi has emerged in a haphazard manner. The effluent released by technologies activities of mankind pose a serious threat for the environment (Env Poll. 113 2001). Any change in the environment leads to the variation in the plankton population with reference to their tolerance, dominance and diversity. The river Yamuna is trapped at Wazirabad through a barrage for drinking water supply to Delhi. In the down stream of Wazirabad the water flows is the untreated or partially treated domestic and industrial waste water contributed through 19 major drains. Drains 1-16 meet river Yamuna upstream of Okhla barrage whereas drains 16 and 17 are discharged in Agra canal. The primary and untreated effluent from Okhla sewage plant meets river Yamuna downstream of Okhla barrage and the municipal waste from Shahdara drain which meets river Yamuna out side the union territory of Delhi11, 19, 20.

The water quality is most effectively expressed by its oxygen concentration. Although many contaminants both organic and inorganic enter into the river each day, no more measurement is more all encompassing or more generally accepted and used than biochemical oxygen demand (BOD) and dissolved oxygen (DO). The BOD value represents an amount of oxygen required by bacteria to decompose an amount of organic matter aerobically in given period of time at a stated temperature whereas the concentration of dissolved oxygen (DO) is an indicator of the general health of a river, which is a function of various parameters that describe the natural and physical processes taking place in the river. The impact of waste input on the dissolved oxygen of a river remains a main concern for pollution control agencies. Their objective is to have alternate approaches to control water quality standards; they relate the effect of waste input to the water quality and express the relationship between water quality objectives and cost. At low flow, organic waste input coming from various drains and sewage treatment plants are depleting dissolved oxygen concentration of the river, resulting DO deficit and violation of water quality standards prescribed by the pollution control agencies. The tightening of these water quality standards in recent years due to rapid industrialization and development should be an incentive to apply a reliable and accurate predictive method of the BOD and DO in the river. To predict changes in stream conditions that will follow proposed reductions in plant wastes or to predict the effect of new industries or treatment plants discharging to streams the DO and BOD determinations are must and, therefore, after Streeter and Phelps (1926) formulation various other models were introduced are explained below4, 7, 11.

6.2   Model development

Fig 6.1 describes a river system in which various drains are disposing their wastewater into a river. The river stretch is divided into ‘n’ reaches and contains ‘n’ number of drains that are located at upstream end of every reach along a river basin from the upstream to the downstream; the ith reach is being defined as the stretch of river between the ith and (i+1)th discharger. The objective is to determine the longitudinal variation of BOD and DO concentration for all the reaches. 

The BOD and DO at any point in a reach can be expressed in terms of the river parameters (such as river flow (Qr), deoxyganation constant (Kd), reaeration constant (Ka), initial DO concentration (DO0) and BOD concentration (Lr) etc.) and wastewater parameters (such as wastewater flow (qw), BOD concentration in wastewater (lw), DO concentration in wastewater (dw) etc.) and can be obtained using ‘Camp-Dobbins’ relationship. Thus using following equations BOD concentration and DO concentration can be find out at any point in the nth reach of river.

Theoretically, BOD remaining (Lt) at any time (t) can be obtained by the first order kinetic equation, Lt = L0 exp (-kt), where L0 is the initial ultimate BOD.


[image: image9]
Fig 6.1 Multiple Waste Dischargers along a River

1. Biochemical oxygen demand (BOD) at any point in the stream just downstream of the drain, considering whole study area of river as single reach is given by the following equation1, 10, 12:
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Considering river as single reach but having multiple dischargers the total biochemical oxygen demand (BOD) can be calculated using following formulae, where k is the number of discharges.
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(6.1.1)

2. Dissolved oxygen (DO) concentration at any point in the stream just downstream of the drain, considering whole study area of river as single reach is given by the following equation1, 10, 12:
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Considering river as single reach but having multiple dischargers the total dissolved oxygen deficit can be calculated as:
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             (6.2.1)

Where

L0        - Initial concentration of BOD in the river, d/s of the effluent discharge point (mg/l)

Lr        - Concentration of BOD in the river (mg/l)

lw      - BOD content of the waste water (mg/l)

DO0 -Initial concentration of dissolved oxygen in the river, d/s of the Effluent            Discharge point (mg/l), calculated from mass balance equation

Dr     - Concentration of dissolved oxygen in the river (mg/l)

dw     - Dissolved oxygen content of the waste water (mg/l)

Qr     - Discharge (rate of flow) of the river upstream of the effluent outfall (m3/s)

qw     - Effluent discharge (m3/s)

Li      - BOD in ith reach due to stream only (mg/l)

Di     - DO deficit occurring in ith reach due to stream only

dik     - DO defict occurring at ith reach due to action of kth effluent only

lik      - BOD remaining at ith reach due to kth effluent only

qk     - flow rate of kth discharger, (m3/s) for k=1, 2…n 

6.2.1  The Streeter Phelps Model


The Streeter Phelps model, published by Streeter and Phelps in 1926 describes the two basic mechanisms by which the dissolved oxygen is consumed and replenished in the downstream direction of a river. The dissolved oxygen levels decreases due to degradation of soluble organic biochemical oxygen demand (BOD) and are replenished due to reaeration. The remarkable work of Streeter and Phelps was, indeed well suited to the computational capabilities of that time, and in fact yields acceptable results in many situations. By present computations standards, however, the assumption that transport takes place by advection alone unnecessarily restricts a model’s validity. This model is given by7: 
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Where  

DO 
- Dissolved oxygen concentration, mg/ lit

DOsat   -  Saturated Dissolved Oxygen Concentration, mg/ lit

D0
-  Concentration of dissolved oxygen at distance x=0, mg/ lit

L0
-  Ultimate BOD concentration at x=0, mg/ lit

Kd
-  First order deoxyganation rate constant, per day

Ka
-  First order reaeration rate constant, per day

V
-  Mean velocity of the river, m/sec

X
-  Downstream distance, meter

This model is used to plot the variation of BOD and DO with time and distance in order to make these variations more clear. CODE of the software is attached in Appendix B3. The results in form of the graphs are shown in the next chapter (chapter 6).

All the parameters which have been used in the plotting of following graphs are explained in subsequently in the next sections of this chapter.

6.2.2  Calculation of Reaeration Coefficient Ka
Several empirical relationships have been proposed for the reaeration rate constant. In this study four are listed in order to get the optimum results13.

1. The O’ Connors-Dobbins formula suggested by O’ Connor and Dobbins, 1968.
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2. The Churcill- Elmore- Buckingham formula, suggested by Churcill et al., 1962.
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3. The USGS formula:
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4. The Reaeration rate constant for river Ka in any reach of the river can be estimated as proposed by O’Conor and Di Toro (1970) and the stream velocity in reach is assumed to follow the Manning’s equation:
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Where Di  - Diffusion constant of oxygen at temperature T C in m2/day in ith reach,     
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Vi        -Mean stream velocity in m/second in ith reach

Hi        -Average depth of flow in meters in ith reach

Ri        -Hydraulic radius in ith reach and when width of river is large compare to depth of flow, Ri = Hi
ni       -The Manning’s Constant in the ith reach in m-1/3sec 

Si        -Slope of the River at ith reach.

By eliminating the depth of flow, Hi using equations (9) and (10), Kai can be rewritten as:
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Multiplying Numerator and denominator by discharge (Qi), equation 6.9 becomes:
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Putting the value of discharge Qi equation becomes:
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Where Wi is the width of the ith reach and Qi is the flow of the dischargers i.e. qo+q1+…..qi, where qi is the discharge of the ith discharger.

Value of Deoxyganation rate constant and Reaeration rate constant for any temperature other than 20 ºC can be obtained by using following equations:
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6.2.3  Calculation of Oxygen Deficit

The initial oxygen deficit is calculated by subtracting the initial oxygen concentration DO0, from the saturation oxygen concentration DOsat. The saturation dissolved oxygen concentration of the water is temperature dependent, and the respective values can be obtained either from tables published in the relevant literature or from experimental expressions which is given below:
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D       - Oxygen Deficit (mg/l)

DOsat - Saturated concentration of dissolved oxygen at any Temperature T (mg/l)

T        - Water Temperature (C)

6.2.4  Critical Values of the Oxygen Sag Curve

The oxygen sag equation has a critical point where the dissolved oxygen content of water is the lowest that is when the oxygen deficit is the highest. The time of travel (or the corresponding downstream distance) can be expressed by finding the minimum of the sag curve. It is obtained from Equation (6.16) for tC, Equation (6.16) for xCrit, and Equation (6.17) for DCrit. Thus the critical dissolved oxygen concentration is obtained as the difference between saturation oxygen concentration and the critical oxygen deficit as shown in the equation (6.18).

This set of four equations is used to compute the lowest dissolved oxygen concentration (highest oxygen deficit) in the river water downstream of a single source of sewage water along with the corresponding time of travel and downstream distance13.
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tc       - Critical time of travel (time during which the water particle arrives to the point of lowest DO concentration in the stream in seconds)

Do    - Initial concentration of dissolved oxygen deficit in the river, downstream of the effluent discharge point (mg /l) 

Lo     - Initial concentration of BOD in the river, d/s of the effluent (mg/l)

Kd     - Rate coefficient of biochemical decomposition of organic matter, the BOD decay rate (per day)

Ka    - Reaeration rate coefficient, the rate at which oxygen enters the water from the Atmosphere (per day)

 Xcrit   -The critical distance downstream of the point of effluent discharge (the point of lowest DO concentration) (L) 

V        -
 Average flow velocity of the river reach in concern (m/sec)

Dcrit     - Critical (highest) oxygen deficit in the water, along the river (mg/1)

DOcrit  - Critical (lowest) dissolved oxygen concentration of the water (mg/l)

6.3  First Expanded, modified DO-BOD model

This model is given by Camp (1963). In addition to the decay of organic matter and the process of reaeration, discussed under the above headings, there are many other processes in a stream which affect the fate (the sag) of the dissolved oxygen content. These processes are, as follows17:

1. Physical processes

a) Effects of dispersion (mixing), spreading, mixing, diluting pollutants, thus reducing BOD (and increasing aeration, a process that is to be included in the reaeration rate coefficient Ka.

           
b) Settling of particulate organic matter, that reduces in-stream BOD values.

2. Chemical, biological and biochemical processes

a) Effects of benthic deposits of organic matter (e.g. the diffuse source of BOD represented by the decay of organic matter that had settled out earlier onto the channel bottom).

b) Oxygen production due to photosynthesis.

c) Oxygen consumption by oxidizing biochemical processes, such as nitrification.

This expanded BOD-DO model is the modification of the traditional oxygen sag curve model. The first expanded BOD-DO model, selected for this software, was developed by Camp (1963) and it involves the following processes in addition to the decay of organic matter (BOD decay) and reaeration:

i. Sedimentation of biodegradable organic matter.

ii. Benthic oxygen demand (e.g. the diffuse source of BOD represented by the decay of organic matter that had settled out earlier onto the channel bottom).

iii. Internal oxygen source represented by the photosynthetic activity of aquatic plants. (In this case it should be noted that the term accounting for this process in the model is rather the balance between oxygen input via photosynthesis and oxygen consumption via the respiration of aquatic plants, since respiration is not represented by a separate term in this model).

There are three new parameters in this model

1. The sedimentation rate constant Ks 

2. The benthic BOD; B, and

3. The photosynthetic input of DO; P. 

Estimation of these parameters is difficult in the absence of measurement data. (Measurement is also complicated. a bell-shaped device set into the bottom sediment is used for measuring the benthic oxygen demand and sedimentation of biodegradable organic matter is indicated by the change of the slope of a straight line in logarithmic paper) showing the longitudinal variation of in-stream BOD measurement data.

However, this model indicates the way how such models are used in the practice, e.g. they are used for trying to explain unaccounted differences between measured and calculated in-stream data. That is when an observed BOD-DO profile can not be simulated with reasonable parameter values of Kd, and Ka, then parameters B, P, and Ks, can be used to account for unknown internal sources or sinks in a trial-error manner.
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All the parameters have been explained earlier. Equation (6.19) is used to calculate BOD at any distance x.  The overall dissolved oxygen deficit at any point in the river can be calculated using equation (6.20)
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DO = Dsat – D

Where: 

D- Oxygen deficit at any distance in a river considering the effect of photosynthesis, Benthic Oxygen demand and sedimentation Rate Constant13.

6.3.1  Effect of Multiple Point Sources


When there is more than one point source along the length of the stream, the effect on the DO is cumulative. That is, each source contributes to the DO deficit depending on its BOD loading and the individual contributions are additive. Mathematically this results from the fact that the basic BOD-DO equations are linear so that the principle of superposition applies. A mass balance can then be made to calculate the new concentration at the outfall after mixing with the next downstream point source. The preceding equations can then be applied to the next reach. Thus let L1(x1) and D1 (x1) be the BOD and DO at the end of the first reach given by x1 but just before the next input W2 is discharged. Then the new BOD concentration at the second outfall after mixing is1:
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6.3.2  Division of River in multiple reaches as used in study
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Fig 6.2: division of river into 5 reaches

Where,  Drain1  - Nazafgarh drain


 Drain2 -  Civil Mill drain


 Drain3 -  Power House drain


 Drain4 -  Sen Nursing Home drain


 Drain6 -  Barapulla drain

U/s is Wazirabad and d/s is Okhla. Total distance between u/s and d/s is 22kms.

6.3.3  Formulation of DO-BOD Models used in study

1. DO Model

As given in the Eq. 6.20 the DO concentration of dissolved oxygen or dissolved oxygen deficit is being calculated at any distance x for any reach (if there is n no. of reaches). Where the resultant dissolved oxygen concentration is calculated for river using mass balance equation 6.1, 6.2. The resultant DO/ DO deficit is the resultant of DO/ DO deficit of stream flow and DO/ DO deficit due to action of kth drain where k=1, 2………..n. Hence the total DO/ DO deficit can be calculated as Di+dik. Where, Di is the resultants DO of stream and dik is the DO of the ith reach of kth discharger. 

The simplified form of DO model can be written as shown in the following equations:
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When river is divided in multiple reaches then initial DO for next reach can be calculated by using following equation:
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2. BOD Model

As given in the Eq. 6.19 the BOD concentration is being calculated at any distance x for any reach (if there is n no. of reaches). Where, resultant biochemical oxygen demand is calculated for river using mass balance equation 6.1, 6.2. The resultant BOD is the resultant of BOD of stream flow and BOD due to action of kth drains where k=1, 2………..n. Hence the total BOD can be calculated as Li+lik. Where, Li is the resultant BOD of stream and lik is the BOD of the ith reach of kth discharger. 

The simplified form of BOD model can be written as shown in the following equations for a river having multiple reaches and discharging from multiple point sources.
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6.3.4  Calculation of Parameters used in DO-BOD models 

1. Photosynthesis (P): Models to estimate the rate of addition of dissolved oxygen to a river system from photosynthesis are based on dissolved oxygen measurements within the stream are given below.
a) It is based on measurements taken at two discrete stations (Wetzel, 1976): 


       
DO Difference (mg/L) between Station 1 (Upstream) and Station 2 (Downstream) 

= Photosynthesis – Respiration ± Diffusion 


This equation is appropriate for when photosynthesis is high relative to diffusion, 
which is typical. 

      b) The second method is based on diurnal dissolved oxygen concentrations at the    
same sampling station. When water temperature is roughly constant throughout 
the day, the photosynthetic oxygen production rate is (USEPA, 1986): 

P = 2 (DOmax- DOmin)


Where, DOmax and DOmin are the concentration of maximum and minimum 
dissolved oxygen respectively for a single day. This equation can be used if the 
temperature of water is almost constant for a single day. 

2. Benthic Oxygen Demand (B) can be calculated using Table 6.1.

Table 6.1 Sediment Oxygen Demand Values1

	Bottom Type and Location
	SOD (g O2/ m2. day) @ 20 ºC

	
	Range
	Approximate value

	Sphaerotilus -(10 g dry wt/ m2)
	-
	7

	Municipal sewage sludge- outfall vicinity
	2-10
	4

	Municipal sewage sludge-“aged”, d/s of outfall
	1-2
	1.6

	Estuarine mud
	1-2
	1.6

	Sandy bottom
	0.2-1.0
	0.6

	Mineral soils
	0.06-0.1
	0.07


3. Settling Rate Constant (ks): The value of Ks is quite large of the order of reaeration constant. In the present case the value of settling constant is taken equal to the reaeration constant for each reach.

4. Velocity of River water is taken to be 0.28 m/sec9.

5. The high turbidity in the stretch diminishes the penetration of light to deeper layers, preventing the growth of phytoplankton (Kazmi, 2000). Therefore, photosynthetic oxygenation was taken as zero9.
6.4  Application of the Model for stretch of Yamuna River

Both the models explained above are applied to predict the DO concentration of the river Yamuna (Fig 6.3) which is a major tributary of river Ganga and forms the major source of drinking water for New Delhi besides serving many other towns and villages in Uttar Pradesh and Haryana. The model was calibrated using historical 1996-96 water quality data and verified for another set of the field data collected by the Central Pollution Control Board (CPCB). When the actual information was not available, information from the published literatures was used. 

6.4.1  Description of Yamuna River Basin


River Yamuna has been one of the most prominent and sacred rivers of India through ages and extensively used for irrigation, domestic and industrial purposes, it is highly polluted in its lower reaches especially Wazirabad to Okhla, Okhla to Vrindavan, Vrindavan to Mathura, and Mathura to Etawah. In this study, emphasis is only on Wazirabad to Okhla stretch of 22 Kilometers, which is also named as Delhi stretch by Central Pollution Control Board (CPCB); New Delhi as there has been evidence of degradation and critical water quality conditions within this segment of the river (Singh and Ghosh, 1999a). The river enters Delhi near Palla village, which is 23 Km upstream from Wazirabad barrage as given in Fig 6.11. Through barrage at Wazirabad river water is trapped for drinking water supply to Delhi. Generally very less water is allowed to flow beyond Wazirabad barrage in dry seasons, as the available water is not adequate to fulfill the demand of water supply to Delhi. In this stretch of 22 Km whatever water flows is the untreated or partially treated domestic and industrial wastewater contributed through 16 drains along with the water being transported by Haryana irrigation department from Western Yamuna Canal (WYC) to Agra Canal via Najafgarh drain, and Upper Ganga Canal via Hindun Cut. This river stretch ends into Agra Canal, which is used to augment its flow for irrigation in two neighboring states, Haryana and Uttar Pradesh in the downstream. In fact Delhi is the largest contributor of pollution to Yamuna which contributes only 2% of catchment area but it is responsible for about 80% of its pollution load. The major causes of water quality degradation are: (1) rapid industrialization in the river basin area (2) unabated increase in population of New Delhi, resulting in increased domestic population loads; and (3) decrease in flow  of the river due to intensive abstractive use of surface and ground water in the basin area.11, 19, 20.

The present study aims to establish a relation which shows the variation in river water quality and waste loads during recent years, which can be useful to identify the status of the Yamuna’s water quality and to isolate some of the more important factors influencing rivers water quality. Another important goals were to calibrate and apply the model for the river that could be used to simulate the river’s response to future conditions; e.g. to predict the response to critical, worst case conditions, or to test the response to various proposed solutions to the Yamuna’s water quality problems. From evidence collected in the study, it is clear that the stream’s water quality has received critical conditions and is continued to worsen. Though the Yamuna is endangered, it can be salvages through a program of waste plant expansion and regionalization together with stream reaeration and flow augmentation. The Yamuna river basin is shown in the following figure.
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Fig 6.3 Description of Study Area
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(1)   Najafgarh Drain

(2)   Civil Mill Drain

(3)  Power House Drain

(4)  Sen Nursing Home Drain

(5)  Barapulla Drain

Fig 6.4 Some Selected Drains along River Yamuna at Delhi showing 

the present  study area

6.4.2  Status and Data for Yamuna River at Delhi

The data presented in this study trends and status of DO and BOD that effect river water quality. These trends further explains the changes over time and distance in stream water quality and waste loads discharge to the river, which is responsible for the pollution of the river or which has contributed to the waste load reaching the Yamuna. An attempt has been made to evaluate the stream’s water quality, and to indicate the water quality’s response to pollution sources especially point discharges as explained in chapter-3, and the stream conditions.

The monitoring of water quality of the Yamuna has been carried out by the Central Pollution Control Board, New Delhi, at various locations, on monthly basis since December 1994. Using river, effluent, population and housing data collected by the Central Pollution Control Board, New Delhi over the past ten years, and a good estimate of historical trends can be made (ADSORBS/32/1999-2000). These data are based on monthly reports from the various sampling stations on the river, self reporting information on waste discharges, and census data which are from 1981-1991 censuses and intervening updates and projections. Analysis parameters related to water and wastewater for river Yamuna along Delhi stretch were obtained from the Central Pollution Control Board, New Delhi, for the years 1996, 1996 and 1997. The data from CUPS/12/1982-83 and ADSORBS/32/1999-2000 are used.

6.4.3  Variation of DO and BOD along Delhi Stretch

Delhi has three sampling stations namely Monastery, Pantoon Bridge and Nizamuddin bridge between Wazirabad and Okhla barrage were chosen to study the observed data. These stations are situated 3.68 Km, 7.34 Km and 12.7 Km downstream from Wazirabad barrage respectively. Variation in stream water quality indicates severe degradation downstream of Wazirabad barrage due to addition of large amount of wastewater in the river through various drains mainly Najafgarh drain. Average stream DO and BOD values at these stations are given in Table A1 (Appendix A).

From the given data it can be analysed that the DO value is the lowest at Nizamuddin Bridge during 1997-98 while it is minimum at Pantoon Bridge during 1996-97. During summers due to low flow and high temperature conditions, the DO of the water in river becomes very less even less than the order of 1.0 mg/L, at few points DO concentration was nil, however, the standard value of DO accepted as necessary for supporting a large and varied population of aquatic life should be at least 4.0 mg/L. The DO values given in the above table are directly taken from Central Pollution Control Board, New Delhi from 1996-96 to 1997-98. 

BOD values at Pantoon Bridge varied between 3.0 to 46.0 mg/L with an average of 11.1 to 21.3 mg/L which is considerable variation exceeding standard values of effluent BOD discharge in the river. BOD at Nizamuddin bridge varied between 1.0 mg/L and 43.0 mg/L, with annual averages of 8.42 in the year 1997-98 to 13.76 in the year 1996-96. BOD concentration is low for year 1997-98 compared to previous two years. The low BOD concentration across the whole stretch during 1997-98 as compared to previous two years may be due to more dilution of river water by releasing more water from barrages, mixing of irrigation of water (Yamuna water from Western Yamuna canal and Ganga water from Upper Ganga Canal) through Najafgarh drain and Hindon Cut and may be due to less contribution of BOD load from various sewage treatment plants.

During the years 1996-97 a large variation in BOD can be seen with an average BOD concentration measured at these stations varies from 8.42 at Nizamuddin Bridge to 21.6 mg/L at Monestery. The frequent changes in DO concentration observed during the study may also be due to variation in the sampling time, because the temperature is taken as constant. The annual average of BOD also increases from 1.42-2.82 mg/L at Palla to 11.33-21.6 mg/L at Monestery during 1996-97. This high BOD value beyond permissible limit prevails over the entire stretch of the river Yamuna in the downstream to Delhi till dilution provided by the river Chambal.

Worsening of river water quality can be traced to the increase in waste load received from the various drains. The five sewerage zones of Delhi classified by the Central Pollution Control Board, New Delhi, i.e. Okhla, keshopur, Rithala, Coronation Pillar and Shahdara generate an estimated quantity of 799, 414, 399, 89 and 382 million liters per day (MLD) of wastewater having an estimated BOD load of 230, 187, 136, 26 and 106 tonnes per day (MT/day) respectively as on March 1999. The trend in BOD load contribution in river Yamuna indicates that it is continuously rising form 117 tonnes per day in 1982 to 211 tonnes per day in 1998. “The total amount of wastewater is generated within the sewered areas of Delhi is 2,083 MLD, while its sewerage network is capable of delivering only 886.3 MLD to the sewage treatment plants (STPs)” notes a recent Central Pollution Control Board report (ADAORBS/32/1999-2000). “Even in the sewered areas, all sources of wastewater (including households) are not connected to the sewerage system. As a result, a significant volume of wastewater generated remains entrapped and finds its way into open drains.” From the foregoing discussion it can be concluded that Delhi treats only 36-40% of its sewage in spite of having sewage treatment capacity of about 1473 MLD. Thus the gap between wastewater generation and its treatment leads to an estimated discharge of about 2249 MLD wastewater containing 192.74 MT/ day of BOD into river Yamuna through six major drains as shown in Table A3( appendix A). The BOD load in Delhi stretch is calculated considering the data of these major drains i.e. Burari Drain, Najafgarh Drain, Civil Mill Drain, Power House Drain, Sen Nursing Home Drain, Barapulla Drain and Shahdara Drain only.

6.4.4  Trends of Wastewater in Selected Drains

It has already been explained that point sources affect the river water quality tremendously, by affecting its DO concentration. The 22 kms long Delhi stretch of the river receives the discharges of at least 16 drains located within the river’s basin. Another important factor influencing changes in stream DO may be non-point discharges obtained from both rural and urban areas, however, this factor is not included in the current study due to lack of information.


Data for BOD and discharges for the drains during 1996-96 to 1997-98 are given in Table A2 (appendix A). Wastewater flows from various drains were changing during this period: during the year 1996-96, the annual average discharges of Najafgarh drain, Civil Mill drain, Power House drain, Sen Nursing Home drain and Barapulla drain were 19.69, 0.94, 0.63, 0.92 and 4.98 m3/sec respectively that together discharge about 27 m3/sec to the river Yamuna; 1997-98, they discharged 16.46, 1.08, 0.63, 1.22 and 2.43 m3/sec respectively with a close total of 21.71 m3/sec, a decrease of 19.69% over the two years period. Sen Nursing Home drain stand first on the basis of average BOD concentration which is 240.0 mg/L followed by 196.26 mg/L of Civil mill drain. On the basis of wastewater discharge, Najafgarh drain was the largest contributor of BOD load in the river having average discharge of 19.69m3/sec during the year 1996-96. 

6.5  Parameters of Models Used in Case Study

With an understanding of some of the basic factors affecting stream DO and hence river water quality, the river stretch at Delhi is divided into 5 reaches as shown in Fig 6.3. It may be observed that each reach lies between two drains and each reach is assumed to receive a point source of BOD waste load from a drain located at the beginning of that reach. The application of above model is applied to predict the dissolved oxygen and BOD on the river Yamuna within the Delhi stretch. All three sampling stations namely Monastery, Pantoon Bridge and Nizamuddin between Wazirabad and Okhla barrage were chosen to study the observed data and the decomposition rate of organic matter and its effect on DO of river Yamuna. For the purpose of this analysis BOD inputs from the five major drains, namely Najafgarh drain, Civil Mill drain, Power House drain, Sen Nursing Home drain and Barapulla drain were considered. Though the outfall of Burari drain which is very near to Wazirabad barrage receives water from Sonepat town and disposes significant amount of wastewater, presently joins Najafgarh drain instead of Yamuna river, and therefore the BOD and flow of this drain is combined with Najafgarh drain as per fundamentals of mass balance while performing the analysis. These drains contribute about 80% of BOD load to river Yamuna upstream of Okhla barrage. It may be noted that Shahdara drain is not included for current study because it finally discharges its wastewater into the river after Okhla Barrage.

Table 6.2 Characteristics of water in River Yamuna as used in




Calculations

	Parameters
	1996-96
	1996-97
	1997-98

	Avg. stream flow (Q0), m3/sec
	18.66
	16.61
	19.6

	Avg. BOD (L0), mg/L
	2.82
	2.61
	1.42

	Avg. DO, mg/L
	9.62
	8.86
	7.68

	Avg. Temperature
	25ºC
	25 ºC
	25ºC


Table 6.3 Average values of BOD and Discharges of Selected Drains as used in the 
 
      calculations

	S.No
	Drain
	Parameters
	1996-96
	1996-97
	1997-98

	1.
	dd
  Burari Drain
	Flow, m3/sec
	-
	2.02
	3.76

	
	
	BOD mg/ L
	-
	18.00
	36.42

	2.
	Najafgarh Drain
	Flow, m3/sec
	19.69
	14.10
	12.69

	
	
	BOD mg/ L
	62.67
	90.33
	62.92

	3.
	Civil Mill Drain
	Flow, m3/sec
	0.94
	0.66
	1.08

	
	
	BOD mg/ L
	176.08
	176.00
	196.26

	4.
	Power House Drain
	Flow, m3/sec
	0.63
	0.46
	0.63

	
	
	BOD mg/ L
	137.83
	141.08
	126.08

	           6.
	Sen Nursing Home Drain
	Flow, m3/sec
	0.92
	0.66
	1.22

	
	
	BOD mg/ L
	186.6
	207.08
	204.00

	6.
	Barapulla Drain
	Flow, m3/sec
	4.98
	2.62
	2.43

	
	
	BOD mg/ L
	64.6
	64.92
	98.67


6.6  Calibration and Validation of Models

6.6.1  Calibration


The model has been calibrated using river and drains average data during April 1996 to March 1996 by developing the software for above model using C language which is presented in Appendix B2. In this study attempts have been made to calibrate the value of deoxyganation constant (kd) by using equation (6.19) and equation (6.20). Also dissolved oxygen concentration is calculated with respect to distance using these equations. Reoxyganation constant (ka) has been calculated using equation (6.10). Using calibrated value of deoxyganation constant width of river was calibrated. Manning’s coefficient, slope of river and water temperature is known for this study. Several trial and error runs are made by varying the rate constants to minimize the differences between observed and computed BOD and DO profiles. The fitting procedure involves manually adjusting the width of river and hence reaeration rate constant and deoxyganation rate constant are selected in this way that the model presents least difference between observed data and predicted data. Three sampling stations discussed above namely Monastery, Pantoon Bridge and Nizamuddin between Wazirabad and Okhla barrage are chosen to study the observed data. 

6.6.2  Selection of Kinetic Coefficient 


It is difficult to identify biochemical processes occurring in river without fully characterizing all parameters of pollutants. For depicting the dissolved oxygen profile, DO, the simple form of the BOD/DO model is not sufficient. The data provided by the monitoring programme gives the most substantial constituents, which are considered input variables to simulate the river water quality. To identify the significance of applying all constituents the model is applied for both the equation (6.19) and (6.20). 

6.6.3  Calibration of the Deoxygenation rate constant (Kd)


The model is examined with one set of observed field data for studying the effects of Kd variations on BOD and DO values along the river. Table 6.4 shows the calculated values of Kd at four stations named Palla, Monastery, Pantoon Bridge and Nizamuddin Bridge. The variation of DO and BOD with different values of Kd is shown in Chapter 6 under Results and Discussions.


Using values of deoxygenation constant calculated in table 6.4 the River width is calibrated. Several trial and error steps were run in order to minimize the difference between observed and computed values. Reaeration coefficient is calculated for each reach varies from 1.938 to 1.642 after the calibration. DO saturation concentration of 8.38 mg/L at 25 ºC of water temperature has been taken for the present study. 


The stream water quality model has been calibrated by comparing simulated DO and BOD profiles to those of April 1996 to March 1996 observed. The calibration results using April 1996 to March 1996 data are shown in Fig 6.12. These results indicate close agreement between observed and computed profiles; there is less than a 17% variation of simulated DO values from the observed ones whereas simulated BOD values are within 10% variation of measured values on an average basis. The variation of BOD values is higher than that of DO concentration probably due to large difference in the magnitude of BOD values for the same station. The reason may also be due to inaccurate Kd rates, Ks rates. Thus calibrated results provide required hydraulic parameters and reaeration rate constants to analyse the stream model.

Once the Kd is calibrated the river width is calibrated by trial and error method. All values used for the calibration are shown in Table 6.4. The values shown in this table are for year 1995-96.
Table 6.4 River Parameters used in Analysis for year 1995-96

	Reach
	Kd in

(day)-1
	Slope of

River (Si)
	Manning’s Coefficient

In m-1/3 sec
	Width of the river

m. (Wi)
	Water temp. in ºC
	Kr in

(day)-1
	Time of flows in days

	1
	2.7
	1.0 X 10-4
	0.06
	100
	25
	1.938
	0.2934

	2
	2.7
	1.0 X 10-4
	0.06
	100
	25
	1.871
	0.0744

	3
	1.9
	1.0 X 10-4
	0.06
	100
	25
	1.832
	0.0678

	4
	1.9
	1.0 X 10-4
	0.06
	100
	25
	1.778
	0.1488

	6
	1.9
	1.0 X 10-4
	0.06
	100
	25
	1.642
	0.4060


6.6.4  Model Validation


The predictive capability of the calibrated model is tested for another two sets of average data taken during April 1996 to March 1997 and April 1997 to March 1998 using rate constants obtained from calibrated results and observed data.  The average water temperature is taken as 25 ºC and corresponding DO saturation value is taken as 8.38 mg/L. Identical Kd, Ka and Ks values, corrected for temperature differences are used in verification runs. Then the model is verified for the data measured for the year 1996-97 and 1997-98. A comparison between the observed and computed profiles of DO for this stretch is shown in Fig 6.13 and Fig 6.14. The predicted DO values derived from the model for given BOD loads and discharges of drains were within 23% of those DO values observed in the stretch of river at Nizamuddin  bridge during the year 1996-97. Results in the graphical form for the calibration and validation are shown in the next chapter (chapter 7).

6.6.5  Sensitivity Analysis


Behavior of sensitivity of the model due to changes in system parameters is a useful Application of mathematical models of water quality. Once the calibrated parameters are obtained by a best fit process, sensitivity analysis is carried out by holding all parameters constant by varying just one parameter at a time, and variation in value of this parameter is the objective function (measure of fit between the observed and computed DO/DO deficit profile) which is examined. If a small change in the parameter causes large changes in the objective function, the function is said to be sensitive to that particular parameter. This gives an idea of how accurate that parameter must be estimated if the model is to be used in prediction. In a way it tells the sensitivity of a parameter for that model in which it is used. If the objective function is not sensitive to the varying parameter, then the parameter need not be accurately estimated in prediction. If the parameter is extremely insensitive to the varying parameter, the parameter may be redundant and could be eliminated from the model.


In this study sensitivity analysis has been carried out by using system parameters obtained for Delhi stretch. Fig 6.16 shows the effect of changing deoxyganation rate constant kd on the DO deficit and DO concentration. The baseline conditions reflect kd used for model prediction runs (which is used for the verification of the plot). The stream flow of 18.66 m3/sec and effluent flows from respective drains of 19.69m3/sec, 0.94m3/sec, 0.63m3/sec, 0.92m3/sec and 4.98m3/sec were held constants throughout the analysis. It is noted that an increase in the deoxyganation rate constant kd, from 1.1 day-1 to 1.6 day-1, results a steep increase in the value of dissolved oxygen deficit for first 6 kms but it becomes more or less uniform after that. An increase in width from 100 to 160 m, if other parameters kept constant results moderate reduction of DO deficit as shown in Fig. 6.16. This is because, when we increase the width of the river, reaeration constant increases and causes a decrease in DO deficit and increase in DO concentration. Based on the magnitude of the variation in the DO deficit, it appears that DO deficit in the stretch is more sensitive to deoxyganation coefficient; however width of river is not much sensitive. Change in discharge again affects the DO/DO deficit appreciably. The whole analysis shows that the present model is more sensitive to the deoxyganation constant and discharge form effluent and less sensitive for the width of the river. Which, is justified as the first two parameters directly affect the DO concentration of the river, while width has indirect effect on its DO concentration.

Chapter 7

 Results and Discussion

7.1  Results of Streeter and Phelps Model 


It was earlier mentioned that the threshold of 4 mg/L is necessary to assure the growth and well being of the aquatic organisms. Also, the concept of critical concentration was introduced. The Streeter-Phelps model is used to examine the critical concentration of dissolved oxygen for different values of BOD at x = 0 and for different temperature scenarios (20 and 30 ºC). These results can help assessing the maximum pollutant load  L0 , that the river can sustain under drought conditions and under the three different scenarios of ambient temperature. The plots follow in Figures 13 to 15.

Graphs are plotted for Streeter & Phelps model.  The results of the Streeter & Phelps models show the variations of dissolved oxygen and BOD with temperature and distance. The main objective of these plots is to find the critical concentration of dissolved oxygen as well as to find the critical distance. Once the software is developed, it can be implemented for any of the river. The graphs follow from fig. 7.1-7.7.
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Fig: 7.1: Effect of ultimate BOD on critical Concentration for 20 ºC  
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Fig: 7.2: Effect of ultimate BOD on critical Concentration for 30 ºC  
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Fig: 7.3 Dependence of Critical Concentration of dissolved oxygen
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Fig: 7.4 Dependence of Critical distance on temperature
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Fig: 7.5 Variation in BOD values with distance
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Fig: 7.6 Dissolved Oxygen sag curve downstream of Wazirabad at 30 ºC
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Fig: 7.7 Dissolved Oxygen sag curve downstream of Wazirabad at 20 ºC
7.1.1  Discussion on the Results of Streeter & Phelps Model

Above graphs are the result of the Streeter & Phelps models which, shows the variation of dissolved oxygen and BOD with temperature and distance. The main objective of these plots is to find the critical concentration of dissolved oxygen as well as to find the critical distance. Once the software is developed, it can be implemented for any of the river. 


Figures 7.1 and Fig. 7.2 shows the effect of the ultimate BOD (L0), on the critical concentration of dissolved oxygen for 20 and 30 ºC and for the three different reaeration rate constants. This type of curves can be used in modeling to predict, depending on the ambient temperature, the maximum load that a river can be loaded with, if a minimum level of DO should be sustained in the downstream direction. The plots suggest some interesting observations. The slope of the corresponding curves is almost the same for both scenarios of ambient temperature. The maximum ultimate BOD load L0, that would lead to a value of dissolved oxygen equal say to 4 mg/L is significantly decreasing with increasing temperature, revealing the controlling factor of ambient conditions. For the 20ºC scenario the range drops down to 8.5 to 14 mg/L while for the last scenario (30 ºC) the corresponding range is 5 to 8 mg/L. Notice also that the range narrows down with increasing temperature.


Figure 7.3 shows the dependence of critical concentration on ambient temperature. The plot suggests that for increasing temperature the critical concentration is decreasing which actually means that the available oxygen is decreasing. Notice that the order of the curves for the three different reaeration constants is reversed. The CEB curve that predicted longer critical distances suggests lower critical concentrations comparing with the other two curves. The differences between the three curves remain almost constant with increasing temperature.


Figure 7.4 shows the dependence of critical distance on ambient temperature. The plot suggests that depending on the reaeration rate constant used, the results can significantly differ. For example, an ambient temperature of 15 ºC depending on the OD, USGS or CEB reaeration rate constant gives critical distances of 14.7 kms, 21.3 kms and 23.7 kms respectively. In contrast with the case of the dissolved oxygen concentration in the downstream direction, the differences in the critical distance between the three curves is getting smaller for increasing temperature allowing for a better estimation of the distance that the minimum concentration will occur under warm environmental conditions. This is encouraging for climates that droughts occur more frequently during the summer months. For increasing temperature we also observe that the critical distance becomes smaller due to the higher metabolic activity of the microorganisms and thus the faster depletion rate of oxygen.


Figure 7.5 shows the concentration of BOD in the downstream direction for three different scenarios of ambient temperature. As expected, the degradation of organic material is higher for higher temperature, assuming that oxygen is available in all cases. This plot is a quantitative representation of an intuitive result. It can be used as a tool to assess the pollution level of the stream in the downstream direction, if environmental restrictions apply to a specific site for example.


Figures 7.6 and 7.7 present the downstream concentration of dissolved oxygen for the two different scenarios of ambient temperature and three different reaeration rate constants. It is interesting to comment on the large impact of the ambient temperature on the dissolved oxygen concentration. There is a dramatic change in the shape of both D.O. sag curves from the 20 ºC scenario to the 30 ºC. In the 20 ºC scenario, the CEB and USGS curves cross the 4 mg/L threshold and stay under it, starting at about 9 kms of downstream distance. Despite that, none of the two curves crosses the 2 mg/L which is absolutely necessary for the survival of the aquatic organisms. The OD curve, being the most optimistic of the three, stays above the threshold and gets its lowest value at a downstream distance of about 15 km (see Figure 7.7). The case of 30 ºC, which is the most dangerous one due to the low saturation level of oxygen in water, is presented in Figure 7.6. In this case all three curves cross the 4 mg/L level while two of them (CEB and USGS) get values that are under 2 mg/L from about 7 kms to about 25 kms in the downstream direction. An additional observation is that the differences between the three curves are slightly exaggerated with increasing temperature, making the uncertainty bounds even larger.

7.2  Calibration of Deoxygenation Constant 


Averaged monitoring data along river is available at Palla, Monastery, Pantoon Bridge and Nizamudding Bridge, Which are used to plot the graphs for calculation of dissolved oxygen (DO) and biochemical oxygen demand (BOD) for different values of Kd values as shown in Figure 7.8, Figure 7.9, Figure 7.10 and Figure 7.11. These figures show the results of applying the model on the river water quality for various values of Kd. along the longitudinal section of the river. The values of Kd are selected between the reasonable literature values (0.02- 4 per day). The model results for BOD and DO concentration decreased rapidly with increase in the value of deoxygenation constant14. That can be seen from the following figures (Fig 7.8-Fig 7.11).
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Fig 7.8 Effect of Kd variation on BOD and DO values at Palla for year 1995-96
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Fig 7.9 Effect of Kd variation on BOD and DO values at Monastery for year 1995-96

[image: image62.emf]1

2

3

4

5

6

7

0.50.60.70.80.9 1 1.11.21.31.41.51.61.71.81.9 2

Kd (per day)

DO (mg/L)

4

6

8

10

12

14

16

BOD (mg/L)

bod do


Fig 7.10 Effect of Kd variation on BOD and DO values at Pantoon Bridge for year 

1995-96
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Fig 7.11 Effect of Kd variation on BOD and DO values at Nizamuddin Bridge for year 1995-96

All the values of Kd calculated from above graphs are reported in the following Table 7.1. The values shown in the table are used for calculating the longitudinal variation in DO and BOD along the 22kms stretch of the river from Wazirabad to Okhla. As can be seen the Kd value is underestimated at almost all the stations for either DO or BOD. The previous value of Kd is being used for the next reach in the absence of present value.

Table 7.1 Calculation of Kd for year 1995-96

	Station Location
	Kd value for Dissolved Oxygen
	Kd value for BOD

	1. Palla
	Underestimated
	0.01

	2.Monastery
	2.7
	Underestimated

	3. Pantoon Bridge
	Underestimated
	Underestimated

	4. Nizamuddin Bridge
	1.9
	Underestimated


7.2.1  Discussion on the Results of Kd Value


Figure 7.8 shows that the value of Kd for dissolved oxygen is underestimated which means that there is not significant depletion of dissolved oxygen at Palla. While, Kd value for BOD is calculated to be 0.01 this shows that due to availability of sufficient DO the removal of BOD is taking place. River has high self purification capacity that is the reason that the DO concentration upstream of Wazirabad is quite high of the order of 6.51 mg/L while it falls to 1 mg/L after Najafgarh Drain.


Figure 7.9 shows that the value of Kd for dissolved oxygen is 2.7 which quite high value and implies that there is very fast depletion of dissolved oxygen. While, Kd value for BOD is underestimated which means that there is no removal of BOD at this station. This shows that after Najafgarh Drain discharges, Pollution level of river increases remarkably, decreasing DO concentration to 1 mg/L or less.


Figure 7.10 shows that the value of Kd for both dissolved oxygen and BOD is underestimated at Pantoon Bridge. The value of Kd for DO is larger than 4 which does not lie under the literature value. Which shows that DO in river water is almost nil and hence there is no removal of BOD.


Figure 7.11 shows that the Kd is 1.9 for dissolved oxygen and it is again underestimated for BOD at Nizamuddin Bridge. This again shows absence of BOD removal.

7.3  Calibration and Validation Results of the model


Once the Kd value is obtained it is further used in calibration of DO and BOD for the year 1995-96 and for the validation of the model for the year 1996-97 and 1997-98. The results of calibration and validation of model can be seen in the following figures (Fig 7.12-7.14).
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Fig 7.12 BOD and DO profiles for calibration for 1995-96 data
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 Fig 7.13 BOD and DO values for Verification for 1996-97data
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Fig 7.14 BOD and DO profiles for verification fro 1997-98 data

7.3.1  Discussion on the Results of Models


The DO profile produced by the simulation for 1996-97 was slightly above the DO profile at Pantoon Bridge and Nizamuddin Bridge while it was slightly lower for Monastery. The simulated profile for BOD is lower at Monestary and higher at Pantoon Bridge and Nizamuddin Bridge. The agreement between the observed and computed profiles was thought to be reasonably satisfactory and balanced and thus the model is verified for this set of data.


The DO profile produced by the simulation for 1997-98 has slight error at Pantoon Bridge and Monastary of the order of 2% and 4% respectively while; the error is large for Nizamuddin bridge of the order of 61%. The simulated profile for BOD is lower at Monestary with an error of 5.9% and 44.8% Nizamuddin Bridge. This suggests that the model is not as accurate in its predictions as required for the year 1997-98 data.

Although pollution load has gradually increased, this kind of indefinite trend in water quality parameters during 1997-98 may be due to the following reasons:

· There is no fresh water flow in many stretches of the river during dry weather, only wastewater flows in such stretches. From the data it can be seen that the DO of the river is continuously decreasing and BOD is increasing from 1995-96 to 1997-98. The reason may be variation in the BOD value from 29 mg/L to over 124 mg/L form September 1997 to March 1998. The fluctuations in effluent BOD might be partly responsible for poor agreement between predicted and measured stream BOD values. The wastewater with almost constant quality over a period of time will not show any trend in the river water quality in such stretches.

· Rainfall in non-monsoon season is very unpredictable and irregular, which also alter the water quality very unpredictably and irregularly. The monitoring has been undertaken on regular basis and such irregular changes are encountered many times leading to irregular water quality trend.

· The difference between simulated and measured BOD values may also be due to inaccurate value of deoxyganation constant, settling rate constant or calibration stream. It may be due to the difference in timing of measurements and discharge BOD values. 


Despite the various explanations, the conflict between simulated and observed BOD values may be a concern. A more intensive survey and study is required to test the stream parameters used in the model.  

7.4  Results of Sensitivity Analysis


The following graphs show the effect of changing the parameters Kd, width, flow of dischargers. Results of sensitivity are tabulated after plots. These results are shown from (Fig 7.15- Fig 7.16).
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            Fig 7.15 Sensitivity analysis for DO deficit
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              Fig 7.16 Sensitivity analysis for DO concentration
7.4.1  Discussion on the Results of Sensitivity Analysis


For both the cases of dissolved oxygen and dissolved oxygen deficit in the sensitivity analysis it can be seen that there is very less effect of width on the behavior of the model. This means that the width of the river does not affect the concentration of DO significantly in the river remarkably. DO concentration increases as the width of the river increases the reason being an increase in reaeration constant with increasing the width. While the value of deoxygenation constant affects the DO/ DO deficit remarkably. When Kd value increases it depletes dissolved oxygen from the river more rapidly. If there is more discharge from effluent the DO concentration decreases while the DO deficit increases and vice versa. All the above results are compared with the baseline dissolved oxygen concentration which has already been calculated. The results of sensitivity analysis for DO concentration are shown in Table 7.2. The model response can be observed directly from these data given in this table as we vary the model parameters.

Table 7.2: Effect of sensitivity Analysis on DO concentration

	Distance (kms)
	Calculated DO
	Kd=1.5 times
	Width=150m
	Q= 0.5 times

	0
	3.1
	3.05
	3.3
	5.2

	5
	0.2
	0.18
	0.48
	2.0

	10
	1.6
	1.0
	1.85
	3.9

	15
	2.89
	1.5
	2.93
	4.05

	20
	4.2
	3.0
	4.5
	5.0

	25
	5.1
	4.6
	5.5
	5.9


All the values calculated of dissolved oxygen are in mg/L.

7.5  Results in form of Output of Programme
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Fig. 7.17 BOD for different values of deoxygenation constant at palla for year 1995-96
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Fig. 7.18 DO for different values of deoxygenation constant at palla for year 1995-96
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Fig. 7.19 Values of reaeration constant (Kr) for all reaches of the river for year 1995-96
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Fig. 7.20 DO concentration downstream of Najafgarh Drain for year 1995-96
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Fig. 7.21 BOD concentration downstream of Najafgarh Drain for year 1995-96

Chapter 8 
Conclusions 

From the foregoing Study following conclusions are made
1. According to Expanded and Modified BOD & DO models, modeling of Yamuna River was carried out. A good agreement has obtained from modeling results, and the value of deoxygenation coefficient kd, reaeration coefficient ka and width of the river were determined for Yamuna River. By using these models, the variation of dissolved oxygen and Biochemical oxygen demand can be predicted for Yamuna River. 

2. Sensitivity analysis has also been carried out. The results from analysis show that the sensitivity of parameters decrease in the order: Q (flow of dischargers), width and kd. That means that flow from dischargers is the most sensitive parameter for Yamuna River. The validation of the model was carried out by using another set of data.

3. The Yamuna River has experienced severely low levels of dissolved oxygen (DO), particularly during the summer and fall months. The findings of the study indicated that Najafgarh drain was the principle source of pollution, because of very high organic loads. It is shown in the calibration and verification of the model. The river water could no longer be used for day-to-day life activities and low DO is very crucial for aquatic life. 

4. Results of Streeter & Phelps model can be used as a quantitative tool to solve environmental problems dealing with river pollution under steady state conditions. This model is very simple and very useful for quick analysis, assessment and decision making. The model herein is a simplified case that aimed mainly in demonstrating the basic principles of this model. If someone was to perform a more detailed and accurate analysis of the problem, Non- point sources must be taken into account using the same equations so that the assumption of the uniformity of the hydraulic properties is more robust. Despite that, the main concepts and the behavior of the model are not violated.

5. Calibrated values of deoxygenation constant are very high for Monastery, Pantoon Bridge and Nizamudding Bridge. This shows the rapid depletion of dissolved oxygen and no removal of BOD from the river water and this is making Yamuna River more polluted day by day. These high values of deoxygenation constant show that the self purification capacity of the river is no more. 

6. The variation in the model for year 197-98 from previous two years shows that there is no fresh water in the river during summers, only wastewater flows through the river.

7. This report provides a review of the historical data and a mathematical modeling analysis of three years of monthly dissolved oxygen data collected at sites along the mainstream of the Yamuna River. In addition, oxygen production rates and the relationship between DO/BOD and other parameters were investigated using historical CPCB data.

Recommendations and scope of future work

1. Regulations for toxic discharge in the River



Serious incidents resulting from spillages or discharges of toxic chemicals are the pollution events that make the news. For example, just one litre of insecticide killed over 1,000 fish in the River Glaven in Norfolk,UK. Similar incidents keep on happening in many. The impact of a slow build-up of pollution over a long time and in a wide area can be even more serious. Unfortunately in most of Indian cities, toxic discharge by industries, Hospitals and such other organizations is simply dumped into any nearby water body. Thus government of India should enforce stringent regulations of toxic discharge into rivers. 

2. A totally new sewer system

While our scientists are thinking about nuclear weapons and space shuttle, nobody seems to be bothered about the old, outdated sanitation system of Indian cities. There is absolutely no thinking about need to find environment friendly sewage system in our country. The present strategy is to invest in huge river clean up programmes like the Ganga Action Plan, the Yamuna Action Plan or the National River Action Plan to treat sewage. The purpose is to divert the sewage to a treatment plant with the same outdated technology, which was used 50 years ago. This contributes to a lot of burden to the government, as these treatment plants require a huge investment. What we require is a cost effective, new sewerage system for human and industrial waste disposal. We should learn from the other countries that are looking for other alternative paradigms for the sewage disposal. Dry sanitation or the sanitation which uses less or almost no water for the waste disposal is what which we should look for. The modern sanitations systems should be based upon traditional science of recycling but should use the latest technologies to do so.

3. Water harvesting

Water harvesting is the area where we are still very primitive. There is no systematic study on the area of water harvesting in India. Water harvesting is the area of research, which has to be exploited to its fullest in order to save our river systems. Union ministry of urban affairs and poverty alleviation had recently (2001) passed a notification making rainwater harvesting mandatory in Delhi. Some reports in press have started pouring in when some inhabitants of a Delhi housing society have reported significant benefits from water harvesting. If the reports are correct and people are getting such benefits then this could be made mandatory for the group housing.

4. Change in mindset of People 

People, particularly those living along the banks of the Yamuna, should realise that it is a sacred river and not a garbage ground or a dustbin to throw waste. People have to change their mindset with regard to the Yamuna. One of the tasks of Yamuna action plan is to launch a massive awareness campaign among people here so that they can change some of their habits, which tend to become a major source of polluting the river. The Delhi Government and the Slum Department of the Municipal Corporation of Delhi have already planned a massive awareness campaign.

5. Proper functioning of Sewage Treatment Plants


DJB should ensure the optimum functioning of every component of a STP so as to obviate the possibility of release of harmful substances into the river water. It should also explore the possibility of utilizing the gases generated by the STPs for generating electricity to meet their own requirement of power which would significantly offset operating costs. Systems and procedures need to be strengthened to ensure accurate measurement of both the quantity of treated sewage being discharged as well as its quality with reference to the prescribed parameters.

Scope of future work


The results of the modeling analysis conducted in this study clearly show that there are a number of variables that influence the concentration of dissolved oxygen and BOD and consequently water quality of river water, partially as well as strongly, in the study area. How these variables interrelate and which are the secondary variables that contribute to the primary variables, are not yet completely understood. This work provides a framework to begin understanding the correlation of those parameters as well as their change of trend with respect to time, in the urbanization- impacted stretch of the Yamuna River. A more intensified sampling programme, much closer to the river bank, will yield a clearer understanding for formulating suitable water quality management plan for this potentially threatened part of the otherwise pristine river.
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Table1 :DO and BOD Concentrations at Selected Stations along Delhi Stretch from wazirabad to Okhla

	 
	 
	 
	 
	 
	 
	 
	Palla
	 
	 
	 
	 
	 
	 
	 

	    Month
	  April
	 May
	 June
	  July
	 Aug
	 Sep
	 Oct
	  Nov
	  Dec
	   Jan
	  Feb
	 Mar
	Average
	  Year

	Parameters
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 

	DO in mg/L
	8.1
	12.8
	ND
	5.1
	7.8
	7.8
	7.3
	9.3
	10.5
	 
	9.9
	13.6
	9.5
	   1995-96

	DO
	14.3
	8.6
	9.7
	8.5
	7
	5.5
	7.5
	8.3
	9.8
	8.9
	10.2
	8
	8.55
	   1996-97

	DO
	7.2
	6.8
	7.6
	6.5
	5.1
	10
	6.7
	7.3
	8.2
	10
	7.6
	7.6
	7.58
	   1997-98

	Avg DO
	9.86
	9.4
	8.7
	6.7
	6.63
	7.9
	7.16
	8.3
	9.5
	9.45
	9.23
	9.73
	8.54
	 

	 
	
	
	
	
	
	
	
	
	
	
	
	
	
	 

	BOD
	6
	2
	ND
	1
	1
	1
	1
	1
	1
	7
	4.97
	5
	2.82
	   1995-96

	BOD
	7
	3
	2
	0.1
	1
	2
	1
	1
	3
	6
	2
	2
	2.51
	   1996-97

	BOD
	3
	1
	2
	1
	1
	1
	1
	1
	1
	2
	1
	2
	1.42
	   1997-98

	Avg BOD
	5.34
	2
	2
	0.7
	1
	1.3
	1
	1
	1.67
	5
	2.65
	3
	2.25
	 

	 
	
	
	
	
	
	
	Monastery
	
	
	
	
	
	
	 

	DO
	0.8
	0.4
	ND
	3.5
	5.3
	5.1
	5
	5
	0.5
	1.4
	0
	0.5
	2.5
	   1995-96

	DO
	0
	2
	0
	3
	2.2
	4
	3.3
	1.2
	0.5
	0
	0
	0
	1.35
	   1996-97

	DO
	1
	1
	4
	2
	5.6
	2
	2.4
	0.9
	3.5
	0.5
	0
	6
	2.41
	   1997-98

	Avg DO
	0.6
	1.34
	2
	2.8
	4.36
	3.7
	3.57
	2.36
	1.5
	0.63
	0
	21.2
	2.08
	 

	 
	
	
	
	
	
	
	
	
	
	
	
	
	
	 

	BOD
	22.8
	17
	8
	9
	3
	6.8
	1.1
	9
	11.5
	24
	44
	18
	14.85
	   1995-96

	BOD
	38
	41
	12
	55
	65
	5
	4.5
	5
	24.5
	39
	39
	38
	21.5
	   1996-97

	BOD
	12
	23
	12
	5
	3
	3
	4
	9
	4
	21
	32
	8
	11.33
	   1997-98

	Avg BOD
	24.3
	27
	11
	23
	23.7
	4.9
	3.2
	7.67
	13.3
	28
	38.3
	21.3
	15.89
	 


Table A1 Continued….
[image: image74.png]Pantoon Bridge
Months | April | May | June | Tuly | Aug | Sept | Oct | Nov | Dec | JTan | Feb | Mar Joverage
DO |04 |02 | ND| 3 |45 4 |37 34| 4 [ 18] 0 |01 |195] 199596
DO | 0 |o3] 0 14| 1 |29 20| 1 03] 0| 0| 0 |o82] 199697
DO | 0 | 0 | 4 |19 52| 2 | 16| 11|28 08| 0 |53 206] 199798
AvgDO| 013 ] 02 | 2 | 21 |357|297] 273|183 236 | 087] 0 | 1.8 | 161
BOD | 24 | 18 | 8 [ 9 [35] 8 | 5 [ 95] 13 | 25 | 46 | 186 [1563] 1995-96
BOD | 37 | 40 | 114 ] 6 | 61| 5 | 44 | 58 [247 392 385| 38 |213| 199697
BOD | 12 | 2t | 11 | 5 | 3 | 35| 4 | 7 | 61 [203]|307] 96 |[111] 1997-98
AvgBOD{ 243 | 26 | 101] 67 | 42 | 55 | 446|744 | 146 | 282 | 384 | 221 | 16.01
Nizarmuddin Bridge
DO | 11|04 | ND[52] 95 6842|6108 2501 6 |35] 199596
DO | 0 [ 22| 0 [47 37| 6 | 52|16 05[] 0 | 0 | 0 [199] 199667
DO | 0 | 0 |36 1743 | 18| 14| 09|25 05| 0 |56]|186] 199798
AvgDO| 037] 09 | 18 | 39 | 584 | 487] 36 | 287 1267 1 |003] 387|245
BOD | 21 [ 15 | 7 [ 8 [ 2 [ 6 [ 4 | 8 [ 11 ]2 |43 17 [1375] 1995-96
BOD | 33 | 37 | 91| 3 | 4 | 3 | 2 | 2 | 20| 36 |355] 35 |182] 199697
BOD | o | 19 | 9 | 3 [ 1 | 1| 2|5 | 2 [ 172 | 4|84 199798
AvgBOD| 21 | 24 |834| 47 | 234|334 | 267] 5 | 11 | 253 358] 187 1345





TableA2: Wastewater Characterstics in Selected Drains across New Delhi

[image: image75.png]Najafgarh Drain

Montty | Apr | May | June | Tuly | Aug | Sept | Oct | Nov | Dec | Jan | Feb |Mrchlverag] Year
[Parameter

Flow | 175 113|147 21 | 55 [173] 34 [439] 16 [ 219 ] 201 ] 12 [19.59] 199596

Flow | 11 | 12 | 10 | 13 | 83 [ 396 20 | 103 | 10.1| 113 | 134 | 9.85 | 14.1| 199697

Flow | 12 |978| 252 | 14 | 14 [105] 9 | 159 156| 108|014| 7 |1269] 199798
[AvgFlow] 13.5| 11 | 166] 16 | 91 | 225| 21 | 234 | 142|147 142 | 9.16 | 1546

BOD | 43 | 141 ] 51 [ 36 | 52 | 12 | 30 | 24 | 42 | 17 | 66 | 118 [5267] 1995-96

BOD | 97 | 45 | 57 | 94 | 48 | 14 | 68 | 94 | 118 | 146 | 172 | 131 |90.33] 1996-97

BOD | 61 | 39 | 61 | 78 | 32 | 20 | 41 | 82 | 59 | 66 | 83 | 124 |62.92] 1997-98
lavg BOT| 67 | 75 | 593| 69 | 44 | 183 ] 46 | 667 | 73 | 763 | 107 |124.3|68.64

Civil Mill Drain

Flow ] 044 ] 067] 38 | 02 | 28 [041] 24 [ 084 024 | 1.57] 057 ] 079 | 0.94 | 199596

Flow | 059|064 1 | 04 | 1 |087] 04 |068] 045|075 | 044 | 068 | 0.66 | 199697

Flow | 1 [095|077| 07 | 08 | 1.1 |08 | 16 | 134|097] 1.8 | 1.07] 1.08| 199798
[Avg Flow] 0.68 | 075 0.89 | 04 | 15 | 079 | 12 | 104|067 ] 11 | 0.04 |0.846]0.893

BOD | 182 | 38 | 201 | 193 | 116 | 67 | 414 | 224 | 177 | 32 | 285 | 184 [176.1] 1995-96

BOD | 143 | 138 | 149 | 191 | 102 | 57 | 219 | 282 | 118 | 208 | 179 | 214 | 175 | 1996-97

BOD | 216 | 179 | 63 | 114 | 86 | 67 | 394 | 277 | 266 | 257 | 179 | 257 |196.3] 1997-98
lavg BOT| 180 | 118 | 138 | 166 | 101 | 63.7 | 342 | 261 | 187 | 166 | 214 |218.3] 1824





Table A2 continued….
[image: image76.png]Power House Drain

Montty | Apr | May | Tune | Tuly | Aug | Sept| Oct | Nov | Dec | Jan | Feb |Marchfaverag] Year
Parameter

Flow ] 023 ] 05 | 0:86 | 0.56 | ND | 0.76 | 0.93 ] 0.74 | 0.39 | 0.59 | 0.98 | 0.35 | 0.63 [1995-9¢]

Flow | 04 | 046 | 0.36 | 0.42 | 0.37 | 0.6 | 038 | 0.7 | 03 | 0.51 | 0.56 | 0.37 | 0.46 |1996-57]

Flow | 038 [0433] 033 | 0.29 | ND | 043 | 1.3 | 0.67 | 0.78 | 047 | 0.3 | 043 | 0.53 |1997-54
Avg Flow] 0.337| 0.464] 0.52 | 0.424] 0.37 | 0.62 | 0.87 [0.704] 049 |0.524] 0.61 | 0.384] 0.54

BOD | 203 | 150 | 118 | 113 | 172 | 28 | 132 | 190 | 136 | 121 | 158 | 129 | 137.8]1995-96]

BOD | 78 | 125 | 109 | 144 | 20 | 63 | 72 | 142 | 203 | 145 | 328 | 264 |141.1]1996-97]

BOD | 23 | 198 | 86 | 130 | 117 | 70 | 101 | 112 | 181 | 137 | 187 | 161 |126.1]1997-98)
AvgBOD| 101 | 158 | 104 | 129 | 103 | 54 | 101 | 148 | 173 | 134 | 224 |1847] 135

Sen Nursing Home drain

Flow [ 0.17]035] 017 04 068 ] 178 216] 1 | 149|077 ] 174 ] 038 | 0.92 [1995-9¢]

Flow | 048 | 0.64 | 0.32 | 0.41 | 0.76 | 0.79 | 0.87 | 1.09 | 0.86 | 0.7 | 0.23 | 0.54 | 0.66 |1996-57]

Flow | 0.5 | 046 032 | 005|279 | 1 | 287|209 176 | 117] 13 | 0.3 | 1.22 |1997-58
AvgFlow] 0.384] 0.48 | 0.27 | 028 | 141 1.19 | 1.67 | 139 | 137 | 0.97 | 1.09 | 0406] 0.93

BOD | 113 | 169 | 121 | 86 | 136 | 49 | 238 | 231 | 175 | 287 | 342 | 285 | 186.5]1995-96)

BOD | 180 | 165 | 184 | 231 | 106 | 66 | 198 | 215 | 298 | 236 | 304 | 302 | 207.8]1996-97]

BOD | 190 | 236 | 127 | 76 | 223 | 87 | 165 | 327 | 339 | 199 | 255 | 234 | 204 [1997-98)
AvgBOD| 161 | 190 | 144 | 131 | 155 | 67 | 200 | 258 | 271 | 241 | 300 | 274 | 199





Table A2 continued….

[image: image77.png]Barapulla Drain

MontfApr [May [fune [Ty [Aug [Sept [Oct [Nov [Dec [Tan [Feb [Mar [Average | Year
[Parameter
[Flow | 04 | 0.6 | NF | 64 [1638] NF | t0s | NF | NF | NF | NE | NE 498 | 1995-96
Flow | ND | 18 | ND | BE | BF | BF |286| 25 |253| 29 | ND | WD 252 | 199697
[Flow. ND | ND | BF | BE | BF | ND [ 304|181 WD | WD | MWD 243 | 199798
[Avgad 04 | 12 64 |16.38 197 | 277 | 217 29 331
[BOD [ 47 [ 94 [ 54 [ 30 [ 21 | 4 [ 64 [ 48 [ 51 [ 56 [ 128 57 545 | 199596
[BOD | 44 | 43 | 39 | 63 | 45 | 14 | 36 | 33 | 182 | 6 | o2 72 5492 | 199697
[BOD | 44 | 47 | 308 | 48 | 321 | 33 | 49 | 85 | 36 | 40 [ 103 | 70 98.67 | 1997-98
[avgB{ 45 | 61 | 134 | 47 | 120 | 17 | 50 | 55 | 90 | 34 [ 108 | 66 69

Burari Drain
[Flow | ND | D | ND | WD | ND | 565] 164 179 | WD | 161]052] 09 202 | 199697
Flow | 05 | 1 | 43 | 12 [455|696] 44 | 39 | 34 [419] 62 | 45 376 | 199798
Avg ] 05 | 1 | 43| 12 [455] 631|302 285] 34 | 29 [336] 27 2.89
BOD [ D [ [ [ v [ WD | 1@ [ o [ 19 [wp | 23 [ 24 19 18 | 1996-97
BOD | 11 [ 25 | 61 | 10 | 43 | 20 | 53 | 18 | 15 | 8 | 12 | 149 | 3542 | 1997-98
[avgB{ 11 | 25 | 61 | 10 | 43 | 17 | 31 [185] 15 | 155] 18 84 2671





Table A3: Estimated Wastewater Discharge received by drains in Delhi (as on March, 1999)

	Drain/Canal
	From STP’s
	Untrapped
	Total

	
	STP
	Flow

(MLD)
	BOD

(MT/D)
	Flow

(MLD)
	BOD

(MT/D)
	Flow

(MLD)
	BOD

(MT/D)

	Najafgarh*
	Keshopur
	272
	29.62
	950
	53.24
	1368
	90.85

	
	Rithala
	100
	5.18
	
	
	
	

	
	C.Pillar
	35
	2.7
	
	
	
	

	
	Timarpur
	11
	0.11
	
	
	
	

	
	Subtotal
	418
	37.61
	
	
	
	

	Burari
	
	
	
	239
	6.06
	239
	6.06

	Shahdara**
	Shahdara
	46
	2.36
	390
	38.59
	436
	40.95

	Others

Civil Mill

Power House

Sen Nursing

Home
	
	
	
	217
	39.82
	217
	39.82

	
	Vasant Kunj
	9
	0.1
	219
	14.96
	228
	15.06

	Agra Canal***
	Okhla
	474
	54.75
	
	
	474
	54.75

	Total
	947
	94.82
	1776
	152.67
	2723
	247.49

	Total excluding Agra Canal
	473
	40.07
	1776
	152.67
	2249
	192.74


*Najafgarh drain also receives water from Western Yamuna Canal (WJC).

**Shahdara drain also receives waste water from Ghaziabad and Noida.

***Agra Canal also receives untrapped sewage through Kalkaji and Tughlaqabad darins.

Source: ADSORBES/32/1999-2000, “Water Quality Status of Yamuna River”, Assessment and Development of River Basin Series, Central Pollution Control Board, New Delhi, page-28.

Table A4: Water quality criteria for classification and zoning of water bodies (CPCB 1979)

	Sl. No.
	Designated-best-use
	Nomenclature for the class of water
	Criteria

	1.
	Drinking water source without conventional treatment but after disinfection
	A
	Dissolved oxygen (minimum 6mg/L)      BOD (maximum 2mg/L)                             MPN of coliform per 100ml (max. 50)                                 pH (6.5 – 8.5)

	2.
	Outdoor bathing
	B
	Dissolved oxygen (minimum 5mg/L)     BOD (maximum 3mg/L)                        MPN of coliform per 100 ml (max. 5000)                                                         pH (6.5 – 8.5)

	3.
	Drinking water source with conventional treatment follow by disinfection
	C
	Dissolved oxygen (minimum 4mg/L)      BOD (maximum 3mg/L)                        MPN of coliforms per 100ml (max. 5000)                                                          pH (6.0 – 9.0)

	4.
	Propagation of wildlife, fisheries
	D
	Dissolved oxygen (minimum 4mg/L)         pH (6.5 – 8.5)                                           Free ammonia as N (Maximum 1.2mg/L)

	5.
	Irrigation, industrial cooling, and controlled waste disposal.
	E
	PH (6.0 – 8.5)                                    Electrical conductivity (max. 2250µmhos/cm)                                                  Sodium absorption ratio. SAR (max. 26); Boron (max. 2mg/L)



/*Program B1: calculation of DO and BOD for different reaches of river*/ 

#include<stdio.h>

#include<conio.h>

#include<math.h>

void main()

{

clrscr();

int temp,i,m,n,k;

float Q,q[i],width,area,vel,D[20],DOsat,x,L[20],kd[20],Diff[20],o[20],Do[20];

float ka[20],p[20],o[20],C[20],x1,tc,xc,DOsat,p[20],g[20];

float L0[20],Do0[20],d[20],l0[20],slope[10],DOmax,Domin,kd1[20],a1,b1,c1;

float low, high, value, sum1, sum, P,B,D0[20],range,high,low, sum[10];


printf("How many reached are there in river\n");


scanf("%d",&n);


printf("what is the length of each reach\n");


for(i=0;i<n;i++)


{


scanf("%f",&length[i]);


}


/* input flow and DO of drain */


printf(" What is DO of the discharger for %d reaches\n",n);


for(i=0;i<n;i++)


{




scanf("%f ",&d[i]);


}

/* calculation of the dissolved oxygen just downstream of the discharger*/

/* input stream flow for ith reach*/


printf(" what is stream  discharger flow for %d reaches\n",n);


for(i=0;i<n;i++)


{


scanf("%f",&q[i]);


}

/* input Do value for ith reach*/


printf(" What is DO defict of the river before first drain\n");


scanf("%f",&D);


input:


for(i=0;i<n;i++)


{ 



value=D[i];



if(D[i]<0) goto output;



count=count+1;



if(count==1)



Domax=Domin=value;



else if(value>high)



high=value;



else if(value<low)



low=value;



sum1=sum1+value;



goto input;



output:



range=(high-low);



P=2* range;


}

/* calculation of the BOD just d/s of the discharger */


printf(" what is the initial BOD of the river for first reach\n");


scanf("%d",&L);


printf(" What is the BOD of the discharger for %d reaches\n",n);


for(i=0;i<n;i++)



{



scanf("%f",&l[i]);



}

/* gives resultant DO value jsut downstream the discharger*/


for(i=0;i<n;i++)



{






Do0[i]=(Q* D[i]+q[i]* d[i])/(Q+q[i]);





L0[i]= (Q* L+q[i]* l[i])/(Q+q[i]);





if(i>0)






D[i]=Do[i-1];






L[i]=L0[i-1];



}

/* calculation of reaeration constant of river*/


printf(" Enter the temp of stream\n");


scanf("%d",&temp);


printf("Enter the width of river\n");


scanf("%f",&width);



s=0.0001;



n=0.05;



Di =1.76/10000;

   /*  Diffusion constant if temp is not 20 degrees*/


if(temp!=20)



{




Di=Di*(pow(1.037,(temp-20)));



}



vel=.28;


for(i=0;i<=5;i++)



{




sum[0]=0;




sum[i+1]=sum[i]+q[i];




kr[i]=(294*(pow(width,0.7))*(pow(s,0.6))* 






sqrt(Di))/((pow(n,1.2))*(pow((sum[i+1]),0.7)));



}


for(i=0;i<5;i++)


{


printf("reaeration constant kr[%d]=%f\n",i,kr[i]);


}

/* values of parameters used in following equation */



for(i=0;i<n;i++)




{





kd[0]=2.7;





kd[1]=2.7;





kd[2]=2.7;





kd[3]=1.9;





kd[4]=1.9;





s[i]=0.0001;





slope[i]=0.05;





Diff[i] =1.76/10000;




}

/*  Diffusion constant if temp is not 20 degrees*/



for(i=0;i<n;i++)




if(temp!=20)





{





kd[i]=kd* pow(1.048.(temp-20));





Diff[i]=Diff[i]*(pow(1.037,(temp-20)));





}



vel=0.28;



B=2;

/* calculation of the saturated dissolved oxygen */


DOsat=14.61996-0.4042* temp+ 0.00842*( temp* temp)-0.0000.9 * (temp* 


temp* 
temp);


printf(" Saturated DO at %d degree temperatue is",temp,DOsat);


printf(" Enter the downstream distance from discharge point\n");


scanf("%f", &x);

/* calculation of Dissolved oxygen for n reaches*/



for(i=0;i<n;i++)




{




for(x=0;x<length[i];x=x+1)





{






a1=pow(2.718,-(ka* x/vel));





c1=(-(kd+ks)* x/vel);





b1=pow(2.718,c1);





D[i]=((B/(kd[i]+ks[i]))-L0)* (b-a)+(kd[i]/ka[i])* 





(B/(kd[i]+ks[i])) 





*(1-a)+D0[i]* a;





Do[i]=8.38-D[i];





D0[i]=D[i];





}




}



for(i=0;i<n;i++)




{




for(x=0;x<length[i];x=x+1)





{





L[i]=((L0[i]*B)/(kd1[i]+ks[i]))* (pow(2.718,-





(kd1[i]+ks[i])*(x/vel)))+B/(kd1[i]+ks[i])





L0[i]=L[i];





}




}



for(i=0;i<n;i++)




{





x1[i]=(ka[i]/kd[i])*(1-(Do0[i][k]* 





(ka[i]-kd[i]))/(L0[i][k]* kd[i]));





tc[i]=(1/(ka[i]-kd[i]))*log(x1[i]);





xc[i]=vel * tc[i];




}



for(i=0;i<n;i++)




{




for(x=0;x<length[i];x=x+1)





{




printf("dissolved oxygen at %f km d/s is=%f\n",x ,Do0[i]);




printf(" BOD at %f km d/s is =%f\n",x ,L0[i]);





}




}

Sample Input 

How many reached are there in river

5

what is the length of each reach

7100 1800 1400 3600 9800

What is DO of the discharger for 5reaches

0 0 0 0 0 

what is stream flow 

18.66

what is stream  discharger flow for 5 reaches

19.59 0.94 0.63 0.92 4.98

What is DO defict of the river before first drain

0

what is the initial BOD of the river for first reach

2.82

What is the BOD of the discharger for 5 reaches

52.67 176.08 137.83 186.5 54.5

Enter the temp of stream

25

Enter the width of river

100

Saturated DO at 25 degree temperatue is

8.38

/*Program B1-2: Calculation of DO for different Kd values*/

#include<stdio.h>

#include<math.h>

#include<conio.h>

void main()

{

clrscr();

float L0,B,kd,ks,t,ka,D[50],a,b,c,Do[50],D0;


L0=2.82;


B=1.5;


ka=1.938;


ks=ka;


t=0.9934;


D0=9.51;



for(kd=0.01;kd<1;kd=(kd+0.1))



{




a=pow(2.718,-(ka* t));




c=(-(kd+ks)* t);




b=pow(2.718,c);




D[kd]=((B/(kd+ks))-L0)* (b-a)+(kd/ka)* (B/(kd+ks)) *(1-a) 




+D0* a;




Do[kd]=8.38-D[kd];




printf("\nfor kd=[%f] Dissolved oxygen is =  %f",kd,Do[kd]);



}


}

/*Program B1-3: Calculation of BOD for different Kd values*/

#include<stdio.h>

#include<math.h>

#include<conio.h>

void main()

{

float L0,B,kd,ks,t,L;

L0=15.63;

B=1.5;

ks=1.871;

t=0.0744;


for(kd=0;kd<2;kd=(kd+0.1))


{



L[kd]=((L0*B)/(kd+ks))* (pow(2.718,-(kd+ks)*t))+B/(kd+ks);



printf("\n%f",L[kd]);


}

 }

                        %Program B2: Software Listing%

% Script file-DO-BOD.M 

% Purpose- DO-BOD calculation

% Programer Vandana Goyal

% Date-19th may 2006

clear all

clc

% Avg flow for year 1997-98 - Flow (cumecs)

Dis = 19.65;

% Mean width of the river for the drought flow conditions (meters)

W = 100;

% Mean Velocity of Delaware River at Trenton for Drought Conditions (m/day)

U = 0.28*86400;

% Reaeration Rate - Churchill-Elmore-Buckingham (1/day) - 20 Celsius

ka_CEB_20 = (11*U/86400)/(H^1.67);

% Reaeration Rate - O'Connor-Dobbins (1/day) - 20 Celsius

ka_OD_20 = 12.9*((U/86400)^0.5)/(H^1.5);

% Reaeration Rate - USGS

ka_USGS_20 = 7.6*(U/86400)/(H^1.33);

% Deoxygenation Rate - (1/day) - Constant - 20 Celsius

kd_20 = 0.41;

% Saturated Dissolved Oxygen Concentration - mg/L - Depending on Temp

% This values are for a saturation level of 120 %

Cs_10 = 11.3;

Cs_20 = 9.2;

Cs_30 = 7.7;

% Ultimate BOD at x=0 - (mg/L)

for i=1:5

L0= input('enter the BOD of stream Q:');

l0= input('enter the BOD of discharger:');

Q= input('enter the flow of stream:');

q= input('enter the flow of discharger:');

L=((L0*Q)+(l0*q))/(Q+q);

str=['Effective BOD just d/s the discharger is=',num2str(L)];

disp(str);

end;

% Calculation of DO just before the first discharger

for i=1:5

D0= input('enter the BOD of stream Q:');

d0= input('enter the BOD of discharger:');

D=((D0*Q)+(d0*q))/(Q+q);

str=['Effective BOD just d/s the discharger is=',num2str(D)];

disp(str);

end;

% Define the distance we model to 22kms downstream

xdown = 22000;

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

%EFFECT OF TEMPERATURE AND DEAERATION RATE%

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

% Those are the constants in cold and warm conditions

% For 10 Celsius we have

Theta_kd = 1.048;

Theta_ka = 1.024;

% For the 10 Celsius

ka_CEB_10 = ka_CEB_20*(Theta_ka^(10-20));

ka_OD_10 = ka_OD_20*(Theta_ka^(10-20));

ka_USGS_10 = ka_USGS_20*(Theta_ka^(10-20));

kd_10 = kd_20*(Theta_kd^(10-20));

% For the 30 Celsius

ka_CEB_30 = ka_CEB_20*(Theta_ka^(30-20));

ka_OD_30 = ka_OD_20*(Theta_ka^(30-20));

ka_USGS_30 = ka_USGS_20*(Theta_ka^(30-20));

kd_30 = kd_20*(Theta_kd^(30-20));

cnt =1;

for x=0:100:xdown

% For the 10 Celsuis

C_CEB_10(cnt) = Cs_10 -((Cs_10 - Co_10)*exp(-ka_CEB_10*x/U)) - ((kd_10*Lo/

(ka_CEB_10-kd_10))*(exp(-kd_10*x/U) - exp(-ka_CEB_10*x/U)));

C_OD_10(cnt) = Cs_10 -((Cs_10 - Co_10)*exp(-ka_OD_10*x/U)) - ((kd_10*Lo/

(ka_OD_10-kd_10))*(exp(-kd_10*x/U) - exp(-ka_OD_10*x/U)));

C_USGS_10(cnt) = Cs_10 -((Cs_10 - Co_10)*exp(-ka_USGS_10*x/U)) -((kd_10*Lo/

(ka_USGS_10-kd_10))*(exp(-kd_10*x/U) - exp(-ka_USGS_10*x/U)));

% For the 20 Celsius

C_CEB_20(cnt) = Cs_20 -((Cs_20 - Co_20)*exp(-ka_CEB_20*x/U)) - ((kd_20*Lo/

(ka_CEB_20-kd_20))*(exp(-kd_20*x/U) - exp(-ka_CEB_20*x/U)));

C_OD_20(cnt) = Cs_20 -((Cs_20 - Co_20)*exp(-ka_OD_20*x/U)) - ((kd_20*Lo/

(ka_OD_20-kd_20))*(exp(-kd_20*x/U) - exp(-ka_OD_20*x/U)));

C_USGS_20(cnt) = Cs_20 -((Cs_20 - Co_20)*exp(-ka_USGS_20*x/U)) -((kd_20*Lo/

(ka_USGS_20-kd_20))*(exp(-kd_20*x/U) - exp(-ka_USGS_20*x/U)));

% For the 30 Celsius

C_CEB_30(cnt) = Cs_30 -((Cs_30 - Co_30)*exp(-ka_CEB_30*x/U)) - ((kd_30*Lo/

(ka_CEB_30-kd_30))*(exp(-kd_30*x/U) - exp(-ka_CEB_30*x/U)));

C_OD_30(cnt) = Cs_30 -((Cs_30 - Co_30)*exp(-ka_OD_30*x/U)) - ((kd_30*Lo/

(ka_OD_30-kd_30))*(exp(-kd_30*x/U) - exp(-ka_OD_30*x/U)));

C_USGS_30(cnt) = Cs_30 -((Cs_30 - Co_30)*exp(-ka_USGS_30*x/U)) -((kd_30*Lo/

(ka_USGS_30-kd_30))*(exp(-kd_30*x/U) - exp(-ka_USGS_30*x/U)));

% Now calculate the BOD concentration

BOD_Conc_20(cnt) = Lo*(exp(-kd_20*x/U));

BOD_Conc_10(cnt) = Lo*(exp(-kd_10*x/U));

BOD_Conc_30(cnt) = Lo*(exp(-kd_30*x/U));

cnt = cnt + 1;

end

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

% PLOT THE RESULTS SO FAR% %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

% Plot the D.O. Concentration for the 10 Celsius

plot(0:100/5280:xdown/5280,C_CEB_10,'-r')

hold on

plot(0:100/5280:xdown/5280,C_OD_10,'-.b')

plot(0:100/5280:xdown/5280,C_USGS_10,'--k')

xlabel('Downstream Distance (mi)')

ylabel('Dissolved Oxygen Concentration (mg/L)')

title(['D.O. Sag Curves for Downstream  Yamuna River @ Delhi- BOD_U_L_T =',

    int2str(Lo),'mg/L - 10 ^oC'])

legend('k_a CEB','k_a OD','k_a USGS')

ylim([0 14])

plot(0:1000/5280:xdown/5280,5,'--r')

plot(0:1000/5280:xdown/5280,5,'--r')

ax = gca;

fig = gcf;

title_handle = axes('position',[.01 0.24 .32 .15],'Box','off','Visible',

'off');

set(get(gca,'Title'),'Visible','On');

set(get(gca,'Title'),'FontSize',11,'Fontweight','bold');

set(get(gca,'Title'));

% Plot the D.O. Concentration for the 20 Celsius

figure; plot(0:100/5280:xdown/5280,C_CEB_20,'-r')

hold on

plot(0:100/5280:xdown/5280,C_OD_20,'-.b')

plot(0:100/5280:xdown/5280,C_USGS_20,'--k')

xlabel('Downstream Distance (m)')

ylabel('Dissolved Oxygen Concentration (mg/L)')

title(['D.O. Sag Curves for Downstream Yamuna River @ Delhi - BOD_U_L_T =',

    int2str(Lo),'mg/L - 20 ^oC'])

legend('k_a CEB','k_a OD','k_a USGS')

ylim([0 14])

plot(0:1000/5280:xdown/5280,5,'--r')

ax = gca;

fig = gcf;

title_handle = axes('position',[.01 0.24 .32 .15],'Box','off','Visible',

'off');

set(get(gca,'Title'),'Visible','On');

set(get(gca,'Title'),'FontSize',11,'Fontweight','bold');

set(get(gca,'Title'));

% Plot the D.O. Concentration for the 30 Celsius

figure; plot(0:100/5280:xdown/5280,C_CEB_30,'-r')

hold on

plot(0:100/5280:xdown/5280,C_OD_30,'-.b')

plot(0:100/5280:xdown/5280,C_USGS_30,'--k')

xlabel('Downstream Distance (m)')

ylabel('Dissolved Oxygen Concentration (mg/L)')

title(['D.O. Sag Curves for Downstream Yamuna River @ Delhi - BOD_U_L_T =',

    int2str(Lo),'mg/L - 30 ^oC'])

legend('k_a CEB','k_a OD','k_a USGS')

ylim([0 14])

plot(0:1000/5280:xdown/5280,5,'--r')

plot(0:1000/5280:xdown/5280,5,'--r')

ax = gca;

fig = gcf;

title_handle = axes('position',[.01 0.24 .32 .15],'Box','off','Visible',

'off');

set(get(gca,'Title'),'Visible','On');

set(get(gca,'Title'),'FontSize',11,'Fontweight','bold');

set(get(gca,'Title'));

figure; plot(0:100/5280:xdown/5280,BOD_Conc_10,'--r')

hold on

plot(0:100/5280:xdown/5280,BOD_Conc_20,'--k')

plot(0:100/5280:xdown/5280,BOD_Conc_30,'--b')

title(['BOD Concentration Downstream Yamuna River @ Delhi - BOD_U_L_T =',

    int2str(Lo),'mg/L'])

xlabel('Downstream Distance (m)')

ylabel('BOD (mg/L)')

legend('10 ^oC','20 ^oC','30 ^oC')

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

% EFFECT OF TEMPERATURE ON CRITICAL DISTANCE%

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

cnt=1;

T_min=5;

T_max=30;

for T=T_min:1:T_max

ka_CEB(cnt) = ka_CEB_20*(Theta_ka^(T-20));

ka_OD(cnt) = ka_OD_20*(Theta_ka^(T-20));

ka_USGS(cnt) = ka_USGS_20*(Theta_ka^(T-20));

kd(cnt) = kd_20*(Theta_kd^(T-20));

xc_CEB(cnt) = ((U/(ka_CEB(cnt)-kd(cnt)))*log(ka_CEB(cnt)./kd(cnt)))/5280;

xc_OD(cnt) = ((U/(ka_OD(cnt)-kd(cnt)))*log(ka_OD(cnt)./kd(cnt)))/5280;

xc_USGS(cnt) = ((U/(ka_USGS(cnt)-kd(cnt)))*log(ka_USGS(cnt)/kd(cnt)))/5280;

cnt = cnt + 1;

end

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

%PLOT THE RESULTS%

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

figure;

plot(xc_CEB,T_min:1:T_max,'--r')

hold on

plot(xc_OD,T_min:1:T_max,'--b')

plot(xc_USGS,T_min:1:T_max,'--k')

xlabel('Critical Distance (m)')

ylabel('Temperature (o^C)')

title('Dependence of critical distance on temeperature - Yamuna River @ Delhi')

legend('k_a CEB','k_a OD','k_a USGS')

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

%EFFECT OF TEMPERATURE ON CRITICAL CONCENTRATION% 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

cnt=1;

T_min=5;

T_max=30;

% Here is the saturated oxygen concentration from 5 to 30 Celcius

DO_Sat = [12.8 12.5 12.2 11.9 11.6 11.3 11.1 10.8 10.6 10.4 10.2 9.9 9.7 

    9.5 9.3 9.2 9 8.8 8.7 8.5 8.4 8.2 8.1 7.9 7.8 7.7]

for T=T_min:1:T_max

ka_CEB(cnt) = ka_CEB_20*(Theta_ka^(T-20));

ka_OD(cnt) = ka_OD_20*(Theta_ka^(T-20));

ka_USGS(cnt) = ka_USGS_20*(Theta_ka^(T-20));

kd(cnt) = kd_20*(Theta_kd^(T-20));

xc_CEB(cnt) = ((U./(ka_CEB(cnt)-kd(cnt))).*log(ka_CEB(cnt)./kd(cnt)))/5280;

xc_OD(cnt) = ((U./(ka_OD(cnt)-kd(cnt))).*log(ka_OD(cnt)./kd(cnt)))/5280;

xc_USGS(cnt) = ((U./(ka_USGS(cnt)-kd(cnt))).*log(ka_USGS(cnt)./kd(cnt)))

/5280;

Cc_CEB_Temp(cnt) = DO_Sat(cnt) - ((kd(cnt).*Lo)./ka_CEB(cnt)).*exp

((-kd(cnt).*xc_CEB(cnt).*5280)./U);

Cc_OD_Temp(cnt) = DO_Sat(cnt) - ((kd(cnt).*Lo)./ka_OD(cnt)).*exp

((-kd(cnt).*xc_OD(cnt).*5280)./U);

Cc_USGS_Temp(cnt) = DO_Sat(cnt) - ((kd(cnt).*Lo)./ka_USGS(cnt)).*exp

((-kd(cnt).*xc_USGS(cnt).*5280)./U);

cnt = cnt + 1;

end

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

%PLOT THE RESULTS% %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

figure;

plot(Cc_CEB_Temp,T_min:1:T_max,'--r')

hold on

plot(Cc_OD_Temp,T_min:1:T_max,'--b')

plot(Cc_USGS_Temp,T_min:1:T_max,'--k')

xlabel('Critical Concentration (mg/L)')

ylabel('Temperature (^oC)')

title('Dependence of critical concentration on temp-Yamuna River @ Delhi')

legend('k_a CEB','k_a OD','k_a USGS')

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

%EFFECT OF ULTIMATE BOD ON CRITICAL CONCENTRATION% 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

% Here Calculate the Critical Distance

xc_CEB_10 = ((U/(ka_CEB_10-kd_10))*log(ka_CEB_10/kd_10))/5280

xc_OD_10 = ((U/(ka_OD_10-kd_10))*log(ka_OD_10/kd_10))/5280

xc_USGS_10 = ((U/(ka_USGS_10-kd_10))*log(ka_USGS_10/kd_10))/5280

xc_CEB_20 = ((U/(ka_CEB_20-kd_20))*log(ka_CEB_20/kd_20))/5280

xc_OD_20 = ((U/(ka_OD_20-kd_20))*log(ka_OD_20/kd_20))/5280

xc_USGS_20 = ((U/(ka_USGS_20-kd_20))*log(ka_USGS_20/kd_20))/5280

xc_CEB_30 = ((U/(ka_CEB_30-kd_30))*log(ka_CEB_30/kd_30))/5280

xc_OD_30 = ((U/(ka_OD_30-kd_30))*log(ka_OD_30/kd_30))/5280

xc_USGS_30 = ((U/(ka_USGS_30-kd_30))*log(ka_USGS_30/kd_30))/5280

cnt=1;

Lo_min=0;

Lo_max=18;

for Lo=Lo_min:1:Lo_max

% Here calculate the Critical Concentration

% For the 10 Celsius

Cc_CEB_10(cnt)=Cs_10-((kd_10*Lo)/ka_CEB_10)*exp((-kd_10*xc_CEB_10*5280)/U);

Cc_OD_10(cnt) = Cs_10 -((kd_10*Lo)/ka_OD_10)*exp((-kd_10*xc_OD_10*5280)/U);

Cc_USGS_10(cnt)=Cs_10-((kd_10*Lo)/ka_USGS_10)*exp((-kd_10*xc_USGS_10*5280)

/U);

% For the 20 Celsius

Cc_CEB_20(cnt)=Cs_20-((kd_20*Lo)/ka_CEB_20)*exp((-kd_20*xc_CEB_20*5280)/U);

Cc_OD_20(cnt) = Cs_20 -((kd_20*Lo)/ka_OD_20)*exp((-kd_20*xc_OD_20*5280)/U);

Cc_USGS_20(cnt)=Cs_20-((kd_20*Lo)/ka_USGS_20)*exp((-kd_20*xc_USGS_20*5280)/U);

% For the 30 Celsius

Cc_CEB_30(cnt)=Cs_30-((kd_30*Lo)/ka_CEB_30)*exp((-kd_30*xc_CEB_30*5280)/U);

Cc_OD_30(cnt) = Cs_30 -((kd_30*Lo)/ka_OD_30)*exp((-kd_30*xc_OD_30*5280)/U);

Cc_USGS_30(cnt)=Cs_30-((kd_30*Lo)/ka_USGS_30)*exp((-kd_30*xc_USGS_30*5280)/U);

cnt = cnt + 1;

end

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

%PLOT THE RESULTS% %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

figure; plot(Lo_min:1:Lo_max,Cc_CEB_10,'-r')

hold on

plot(Lo_min:1:Lo_max,Cc_OD_10,'-.b')

plot(Lo_min:1:Lo_max,Cc_USGS_10,'--k')

ylabel('D.O. Critical Concentration (mg/L)')

xlabel('Ultimate BOD (mg/L)')

legend('k_a CEB','k_a OD','k_a USGS')

title('Effect of BOD_U_L_T on Critical Concentration - 10 ^oC')

hold on

plot(Lo_min:0.11:Lo_max,5,'--r')

ylim([0 14])

ax = gca;

fig = gcf;

title_handle = axes('position',[.01 0.24 .32 .15],'Box','off','Visible',

'off');

set(get(gca,'Title'),'Visible','On');

set(get(gca,'Title'),'FontSize',11,'Fontweight','bold');

set(get(gca,'Title'));

figure; plot(Lo_min:1:Lo_max,Cc_CEB_20,'-r')

hold on

plot(Lo_min:1:Lo_max,Cc_OD_20,'-.b')

plot(Lo_min:1:Lo_max,Cc_USGS_20,'--k')

ylabel('D.O. Critical Concentration (mg/L)')

xlabel('Ultimate BOD (mg/L)')

legend('k_a CEB','k_a OD','k_a USGS')

ylim([0 14])

title('Effect of BOD_U_L_T on Critical Concentration - 20 ^oC')

hold on

plot(Lo_min:0.11:Lo_max,5,'--r')

ax = gca;

fig = gcf;

title_handle = axes('position',[.01 0.24 .32 .15],'Box','off','Visible',

'off');

set(get(gca,'Title'),'Visible','On');

set(get(gca,'Title'),'FontSize',11,'Fontweight','bold');

set(get(gca,'Title'));

figure; plot(Lo_min:1:Lo_max,Cc_CEB_30,'-r')

hold on

plot(Lo_min:1:Lo_max,Cc_OD_30,'-.b')

plot(Lo_min:1:Lo_max,Cc_USGS_30,'--k')

ylabel('D.O. Critical Concentration (mg/L)')

xlabel('Ultimate BOD (mg/L)')

legend('k_a CEB','k_a OD','k_a USGS')

ylim([0 14])

title('Effect of BOD_U_L_T on Critical Concentration - 30 ^oC')

hold on

plot(Lo_min:0.11:Lo_max,5,'--r')

ax = gca;

fig = gcf;

title_handle = axes('position',[.01 0.24 .32 .15],'Box','off','Visible',

'off');

set(get(gca,'Title'),'Visible','On');

set(get(gca,'Title'),'FontSize',11,'Fontweight','bold');

set(get(gca,'Title'));
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