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ABSTRACT

Sediment-controlled Radionuclide Transport: Mathematical 

Modeling and Field Application 

By

Siamak Esfandiary

Advisor: Professor Reza M. Khanbilvardi, Department of Civil

Engineering, CUNY

The contamination o f soil is a major concern o f environmentalists. 

The soil contamination can easily be transferred into our body through water 

and plants. In major accidents, where cleaning up is not an option it is vital 

to confine the polluted area or to track down the path, through which the 

contamination is transported and to estimate the rate of transport. The focus 

o f  this research is to develop a model to define the transport of radionuclides 

over the soil surface by erosion and sedimentation induced by rain.

The local equilibrium concept has been used to develop a 2D depth- 

averaged contaminant transport model to estimate the removal of 

radionuclides from the soil surface due to erosion and sedimentation process. 

A 2D depth-averaged surface flow model has been coupled with a 2D depth- 

averaged sediment transport model. The flow is extremely shallow (about 1-
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5 cm) and does not have enough energy to detach and roll the relatively 

bigger soil grains on the soil surface. Therefore the sediment transport takes 

place in suspension mode. The results of this coupling have then been used 

in a 2D depth-averaged contaminant transport model to estimate the rate of 

radioactive removal by erosion and sedimentation in water.

The model has been applied to a 20 m x 20 m plot in Ukraine, where a 

one-year experiment was conducted by the Center for Water Resources and 

Environmental Research in CUNY. The results were compared to the 

collected field data. It was concluded that the model results were statistically 

in an acceptable range.
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CHAPTER 1 

INTRODUCTION AND BACKGROUND

1.1 Introduction

The technological advances in the recent decades have made us and 

our environment more susceptible to disastrous failures. A good example is 

the Chernobyl Nuclear Power Plant explosion in Ukraine back in 1986. Not 

only the whole vicinity o f the power plant was contaminated by 

radionuclides but also some parts o f Europe became polluted as the result of 

that. In an accident with this nature and scale the contaminants are likely to 

remain in the environment for a long time. The major concern in this 

situation is to confine the source to prevent the transport o f the contaminant 

or to track down its path to take suitable measures along its course. One o f 

the biggest concerns after the Chernobyl accident was the soil. The soil 

contamination can easily be transferred into plants, animals, human, rivers 

and reservoirs through different mechanisms. The goal o f this research is to 

depict a tangible picture o f the sediment/erosion-controlled transport of 

radionuclides over the soil surface by runoff. This chapter discusses the 

sources, the history and the status o f the past and present research in this 

area.
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1.1.1 Environmental radioactivity

There are two sources o f radioactivity in the environment:

1 - Natural sources

2- Man-made sources

1.1.1.1 Natural Sources

The geological material o f earth is naturally radioactive. Radioactive 

elements in rocks and soils decay, radiation is emitted and new elements 

form. One o f such geological radionuclides is 40K, which finds its way from 

rocks into soil and eventually into the human foodchain. This means that we 

have a certain amount o f radioactivity in our bodies from natural resources. 

Our bodies are also exposed to radioactive material through building 

materials, such as concrete, which are made from geological materials.

The atmosphere contains radioactive gases as well. For instance radon 

is a radioactive gas, which is the product of decay o f some geological 

radionuclides. Because it originates in earth’s surface, it is released under 

buildings and can accumulate if there is a lack o f good ventilation.

We receive certain dosage o f radiation from outer space as well. This is 

called cosmic radiation, and the exposure depends on location. Obviously 

the radiation exposure increases with altitude, because the atmosphere,
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which acts like an invisible shield becomes thinner. It is believed that 85- 

90% of the annual dosage of radioactive exposure is from natural sources.

1.1.1.2 Man-made Sources

Advances in technology and science have enabled us to develop 

nuclear weapons and nuclear power plants. We also have incorporated 

radioactive material in industry and medicine. All these have caused the 

widespread release o f man-made radionuclides into environment. These 

artificial radionuclides have been generated by nuclear reactions involving 

fission, activation and decay. Some o f the man-made material is radioactive 

isotopes o f naturally occurring elements, such as 14C or 90Sr, and others are 

entirely artificial, such as plutonium.

1.1.2 A Brief History of Radioactive Contamination of Soil

We can identify the following reasons for the contamination of soils 

by radioactive material:

1- Nuclear weapons’ tests

2- Releases o f radionudclides from nuclear power plants
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1.1.2.1 Nuclear Weapons Tests

The development o f nuclear weapons after the Second World War 

was accomplished by several tests. Substantial amount of radioactivity 

entered our atmosphere because o f these tests. The released radioactivities 

were the product of fission. ^S r and l37Cs were specifically noticeable 

among the released products. These radionuclides were then transported 

globally and deposited world wide as radioactive fallout. Obviously the 

concentration o f contaminants (radioactivity) near the test sites was more 

localized and concentrated.

1.1.2.2 Release of Radionuclides from Nuclear Power Plants

A certain amount o f radionuclides are released into environment 

regularly by nuclear power plants. The intensity and discharge o f these 

releases must be approved by the government. These authorized releases are 

in the gaseous or particulate form into the atmosphere, suspensions or 

solutions into the rivers or the sea and solid waste into certain underground 

repositories. Due to intense research on the mobility o f radionuclides, this 

process is better understood today. Consequently the maximum allowable 

(authorized) release of radionuclides from power plants has been reduced 

during the last couple o f years. A good example o f this is the Sellafield
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Nuclear Reprocessing Plant in Cumbria, UK. Scientists believed that the 

large quantities o f plutonium and americium, which were released into the 

Irish Sea, would be absorbed on to the sediments and thereby immobilized. 

However, this did not happen. The radioactive materials were strongly 

absorbed but the sediments were mobile. In particular they were moved into 

tidal reaches o f nearby rivers and were deposited on adjacent fields during 

flooding. Therefore, the discharged radionuclides into the sea were brought 

back into the land and contaminated the soil.

Accidental releases o f radionuclides from nuclear power plant have 

been few and far between. The three best documented nuclear catastrophes 

are:

•  Windscale Fire in the UK in 1957

•  Three Mile Island in the USA in 1979

•  Chernobyl in Ukraine in 1986

One o f the most dangerous nuclear accidents in the history o f nuclear 

reactor operations occurred at the Chernobyl Nuclear Power Plant on the 26th 

o f April 1986. This reactor was one of the 16 existing high-power boiling 

channel-type reactors. This type of reactor features a graphite-moderated 

light-water coolant system, in which vertical zirconium alloy pressure tubes 

contain the fuel pins. The accident took place during a test to verify the
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ability o f the turbine generators to supply energy to coolant pumps in the 

event o f  an external power malfunction.

As a result o f this accident, consumed fuel and fission products were 

released into the atmosphere. During the initial explosion and the ten days 

following the accident, approximately 2.7 X 1018 Bq of radioactivity (3-4 % 

o f the core inventory) were released into the environment [Konshin 1992]. 

The radionuclides, released into the atmosphere, were deposited in the 

vicinity o f the Power Plant (within a radius o f 20 miles) or carried by the 

prevalent weather pattern and deposited by precipitation. As a result, the 

pattern o f the contamination was not, and still is not uniform in the 

territories o f the former Soviet Union and the rest o f the Europe.

Because o f direct fallout o f the radionuclides and the subsequent 

runoff and sediment transport process, entire basins o f several rivers were 

contaminated. Most o f the radionuclides have relatively short half-lives and 

have since the accident considerably decayed. Only 137Cs and 90Sr are 

currently present in concentrations, which comprise any real threat to the 

public health in the impacted regions.

Hydrologic runoff and erosion are the two main processes in which 

radionuclides deposited in the surface environment migrate widely in both 

dissolved and particulate forms. Precipitation and flooding erode
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radionuclides on the surface soils. They might be deposited again elsewhere 

or reach rivers or reservoirs. Qualification and quantification of 

radionuclides transported through runoff systems has been given a 

considerable attention following radioactive contamination caused by the 

nuclear accidents.

As a consequence o f  the extensive environmental contamination after 

the Chernobyl accident, contaminated runoff has flowed downstream 

through several different river basins. The main portion o f these watersheds 

lies in the system o f Dnieper-Sozh rivers. Extremely high concentrations of 

different radionuclides were observed in waters o f these rivers during the 

month o f May 1986.

Dissolved fractions in runoff components have been estimated to be 

up to 90% of total radionuclides transported by water flow (Voitsekhovitch 

et al., 1994). The movement o f this fraction is a function o f hydrodynamic 

transport and many interactions between the radionuclides and physical, 

chemical and biological systems. Soil erosion on the other hand is a complex 

process itself. The elements involved in this process are not well understood 

yet. This is especially true when the soil particles are contaminated by 

radionuclides or other hazardous chemicals.
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Almost, all radioactive contamination exists in the very top surface of 

soil. The vertical migration rate is very much slower than the planar 

migration. Viewing the vertical migration o f radionuclides in soil as a 

diffusion-convection process considerably simplifies the long-term 

prediction of the behavior of radionuclides under natural conditions. Vertical 

migration is a slow process and meticulous inspection o f it would be so time 

consuming as to be impractical [Khanbilvardi et al., 1997; Khanbilvardi et 

al., 2000; Konsin 1992; Rogowski et al., 1965].

1.2 Past and Present Status of This Research

Mathematical models describing the transport o f radionuclides have 

become more complex during the last two decades. In particular fairly 

simple ‘black box’, which was developed for radiological assessment in soil, 

has advanced to more thorough and realistic models. The main interest of 

modelers is the potential danger of soil to act as a temporary or permanent 

source o f radionuclides to man. In particular, the following processes are 

relevant:

1- Suspension o f contaminated soil in the atmosphere;

2- Leaching and surface runoff into drinking water;

3- Uptake by plants and crops;
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4- Ingestion by grazing animals and humans.

The simplest model was the single ‘black box’, assuming a given area 

of soil to a given depth with a stated bulk density. Radionuclide inputs are 

assumed to be homogenized immediately and to be equally available 

throughout the box. [Coughtrey 1988].

Rogowski and Tamura (1965) studied the movement o f I37Cs by 

runoff and infiltration on the alluvial Captina silt loam. They applied five 

millicuries of ,37Cs in the form o f spray to the 5-m2 plots o f Captina soil in 

Tennessee under bare, clipped meadow, and tall meadow cover conditions.

1 1 7
A linear relationship on a full log scale was found between the soil and Cs 

loss. On the plots with vegetation, it was found that practically all o f the 

,37Cs applied to areas covered with vegetation was initially on the plant and 

litter material. The leaching of 137Cs from the vegetation began to level off 

towards the end o f the 81-day study period. At the end o f the 81-day period, 

the bare plot had lost 11.9% of the cesium while the clipped meadow and tall 

meadow plots had lost 5.1% and 2.6% of their cesium, respectively.

Armstrong and Gloyna (1969) presented a general equation to 

describe radionuclide transport in terms o f hydraulic dispersion and 

convection and detention systems, which sorb and release. They also 

presented a model to describe sorption by various substrates using
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concentration gradient between the equilibrium activity in the substrate and 

the actual activity. They discussed linear and non-linear equations 

concerning accuracy of prediction o f the transport. They discovered that 

Freundlich isotherm is adequate in describing sorption by suspended solids, 

bed sediments and biological systems. However, the use o f this equation in 

the reaction term o f the one- dimensional dispersion equation forces it into a 

non-linear form.

Gloyna, Yousef and Padden (1971) studied the transport of 

radioactivity in water under continuous release of radionuclides in a small- 

scale ecosystem. Model rivers were simulated in two channels o f a research 

flume. The control channel o f the model river system contained a typical 

bottom segment and received a potable water supply. The second channel, in 

addition to bottom sediment, contained a lush community o f rooted aquatic 

plants in one end and received water, which was rich in phytoplankton. Both 

channels were subjected to a continuous release o f ,34Cs and 85Sr for periods 

up to thirty-five days. The distribution o f the radionuclides in the bottom 

sediment, plants, algae and water was determined. Under condition o f the 

release, less than maximum permissible concentration, the radioactivity 

continued to increase on the surface o f the bottom sediments until a quasi­

equilibrium level was reached at approximately 30 days after initiation o f
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release. Once saturation was reached at the sediment surface, radionuclide 

uptake by the sediment was equal to the radioactivity lost by the surface as a 

result o f migration into the sediment. This migration into the sediment was 

found to be very slow. It was discovered that the concentration of 

radionuclides in the sediment was affected by sediment movement. It was 

recognized that pollution stresses and reduction in pH and toxic material 

may be responsible for sudden release o f radionuclides from both plants and 

sediments.

Carlsson (1977) presented a model for the movement and loss of 137Cs 

in a small watershed. He presented a mathematical model, which described 

the turnover o f fallout o f ,37Cs in a small lake. The model was based on the 

assumption that the water o f the lake receives 137Cs from deposition on the 

surface o f the lake and from removal o f the radionuclides from the drainage 

area. The loss o f 137Cs from the water is assumed to occur through outflow 

and sedimentation. His investigation showed that the activity o f ,37Cs in the 

water o f the lake depends on both the deposition rate and the cumulative 

deposition o f the radionuclides in the drainage area o f the lake. The results 

also indicated that there is a seasonal variation in the concentration o f l37Cs, 

which depends on the seasonal variations o f both the deposition rate and the 

water turnover in the lake. A large amount o f the 137Cs introduced into the
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lake was stored in the bottom sediment. The redistribution of 137Cs between 

the different compartments of the watershed was small and its loss from the 

watershed was mostly due to physical decay.

Bjurman (1989) observed the urban water transport and wash-off of 

137Cs after the Chernobyl accident. He elucidated the transport o f 137Cs from 

a building roof and three storm sewers in Uppsala Sweden during the first 

rainfall after those, on April 29-30 1986, causing the Chernobyl 

contamination. Runoff and concentration of 137Cs in storm water were 

determined. The origin o f storm water was determined as well. Surface 

contamination was measured on July 3, 1986. Total fallout was 25 kBq/m2. 

During the rainfall on 11 May, 4 kBq/m2 were transported from the roof and 

approximately 1 kBq/m2 from the sewered areas. From April 30 to July 4 a 

level o f 13-20 kBq/m2 was present. Measurements from another project 

showed that the fallout rain events washed off 10 to 16 kBq/m2 [Amono et 

al., 1999; Halldin et al., 1990; Korhonen, 1990]. The wash-off by the small 

rainfall on May 11 constituted one third of the remaining decontamination 

occurring up until July 4. The transport o f 137Cs during May 11 event 

increased when the runoff increased, but was less efficient as the event 

proceeded. The relations between l37Cs concentrations and runoff implied
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that the wash-off o f ,37Cs in Uppsala was totally dominated by that bound to 

particles.

Veronov and Aleksakhin (1992) studied the main laws governing the 

migration o f ^S r and 137Cs in the natural and cultured farming centers of 

Uzbekistan. The peculiar natural and climatic conditions and also the 

peculiar features o f the agricultural industiy create a radiological situation, 

which is specific for this region. In this region, the distribution o f the leading 

dose-generating radionuclides I37Cs and 90Sr of global origin was studied in 

1983-1986 in principal types o f natural and cultured farming centers; also 

the entry o f these radionuclides in to the human organism was assessed. 

They found that radioecological and radiation-related health problems 

originating from the introduction o f radionuclides into the environment must 

be solved on the basis o f radiation-monitoring data, taking into account all 

the ecological, economic, demographic, social, and other factors determining 

the influence o f radiation upon men and the biota.

Konshin (1992) analyzed the convection-diffusion equation as a basis 

for modeling the migration o f radionuclides. To describe the experimental 

data adequately within the framework o f convection-diffusion equation, it 

was necessary to introduce migration parameters, which increase as the 

radionuclides penetrates further down through the soil layer and decrease as
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the observation time lengthens. He also studied the applicability of a 

traditional mathematical model on the basis of 3-year observation of the 

vertical migration o f ,37Cs fallout after the Chernobyl accident. The most 

accurate description o f the dependence of the radionuclide concentration on 

the depth o f the soil layer is given by a lognormal distribution. He 

determined the parameters of this distribution and showed that they are a 

solution of the Fokker-Planck equation, a special case o f which is the 

convection-diffusion transport equation.

Melkozerova et al. (1995) observed the flow of radioactive sediment 

in rivers near Chernobyl. They discussed the fate, formation and transport o f 

the radioactive contaminants o f Belarussian rivers due to the accident at the 

Chernobyl Power Plant. They reviewed the data obtained by Belarussian, 

Ukrainian and Russian Institutes. O f all the extensive sets o f data, they 

presented in particular the results related to the Iput river. On the basis o f 

monitoring data, they analyzed the fate and transportation o f ,37Cs and 90Sr 

in the Dnieper-Sozh river system. Their analyses were made using HEC-R-6 

model, which was developed by the US Army Corps o f Engineers, modified 

by the Oak Ridge National Laboratory and adapted for the Iput river 

simulations at Tulane University. They defined a parameter called modulus 

o f  runoff to estimate radionuclide runoff from watersheds. They discovered
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that over 87% o f the l37Cs were transported by fine sediment less than 0.2 

mm despite the fact that these particles account for only 53% of the total 

mass o f the transported sediments

Nair et al. (1996) modeled the washout o f 90Sr and I37Cs from an 

experimental plot established in the vicinity o f the Chernobyl reactor. A 

vertical, one dimensional, multiphase, multispecies transport model was 

developed to simulate the movement o f the contaminants in the topsoil 

during the 160-day period between the Chernobyl event and the experiments 

as well as the washouts o f contaminants by runoff during the experiments 

and during the 24-hour period thereafter. The model provided very good 

predictions o f the vertical distribution of the total contaminant concentration 

in the top 10-cm o f the soil. However, the concentrations of the individual 

chemical forms were not predicted as accurately. Their goal was to create a 

site-specific model rather than a general mathematical model. They defined 

a number o f parameters and coefficients, which are very difficult to estimate. 

The uncertainty and lack o f knowledge about these key parameters makes 

this model very difficult to apply to different sites.

Khanbilvardi and Sadegh (1997) observed the transport of 

radionuclides due to erosion and runoff on agricultural watersheds. An 

experimental plot was selected in the vicinity o f Chernobyl Power Plant. It
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was devegated and leveled. Redistribution and transport of radionuclides on 

the plot were analyzed within a one-year period. Artificial rainfall was 

performed during the dry months of the year. Vertical migration of 

radionuclides was also studied. The movement o f the peak of the vertical 

distribution in the topsoil was investigated as well. It was elucidated that for 

the entire one-year cycle, the total amount o f ,37Cs washed out o f the runoff 

plot by natural processes constituted 0.07% of its initial reserves. The 

corresponding figure for artificial irrigation came up to less than 1% of its 

initial reserves. This is lower than the amount o f natural radioactive decay, 

even though the erosion caused by the artificial irrigation led to a 

considerable loss o f soil. An effect o f redistribution o f l37Cs and 90Sr within 

the area o f the plot was observed, with considerable accumulation in 

microtopographical depressions, along with soil mass washed out during 

irrigation. Apart from the planar movement o f radionuclides down the slope, 

the irrigation caused more intense vertical migration.

Amono et al. (1999) studied the transfer capability o f long-lived 

Chernobyl radionuclides from surface soil to river water in dissolved forms. 

They examined the concentration and speciation of radioactive Cs, Sr and 

transuranic isotopes, such as Pu and Am, in undisturbed surface soil along 

the river in the exclusion zone near the Chernobyl Nuclear Power Plant in
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order to validate the radioactive contamination characteristics. Almost all 

radioactivities existed in the very top surface in the undisturbed soil layer. 

90Sr in the soil was estimated to be highest in the water soluble and 

exchangeable fractions, which were easily accessible to river water as 

dissolved fraction.

1.3 Objectives

The objectives o f this research was to investigate the transport o f 

radioactive contaminants on soil surface in dissolved and particulate form 

due to runoff, erosion and sedimentation. To fulfill the objectives o f this 

study the following tasks will be accomplished:

a) Developing (adapting) a 2D depth-averaged unsteady flow model;

b) Developing a 2D depth-averaged unsteady sediment transport 

model;

c) Developing a 2D depth-averaged contaminant transport model;

d) Coupling the above mentioned models and finding the appropriate 

numerical scheme to solve the model;

e) Calibrating the model, based on experimental field values, to find 

the key parameters;

f) Performing a sensitivity analysis.
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1.4 General Model Overview

The erosion process and the movement of the sediments over the soil 

surface are induced by rainfall [Aziz et al.,1984]. In other words rainfall 

generates overland flow. If the overland flow is strong enough it can detach 

soil particles (erosion) and transport them to a new location and deposit 

them [David et al., 1975]. If  the soil particles are contaminated, the 

contamination is also transported in this process. To include all these major 

factors into a single model, three separate modules have been considered:

1. Overland flow module: The hydrodynamic properties o f the 

overland flow (velocity in the x and y direction and flow depth) are 

computed in this section. A depth-averaged approach was selected 

here because the overland flow is extremely shallow (1-5 cm) and 

one can assume that the flow properties are constant over its depth.

2. Sediment transport module: Using the hydrodynamic properties 

o f the flow from the module number one, the net flux o f sediment 

(erosion-deposition) into the water is calculated. At the same time 

the rate o f sediment transport and the sediment redistribution over 

the soil surface is computed. In the framework o f this study only 

shallow overland flows (1-5 cm) are taken into consideration. It 

has been established by different field experiments that the bulk
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portion o f radionuclides is transported mostly by very fine particles 

[Fennema ,1983; Guo et al., 2000; Lee et al., 1997]. This is the 

reason, why this research is just focused on the transport of fine 

particles. Like the first module, working with depth-averaged 

equations is justifiable here as well.

3. Contam inant transport module: The redistribution of the 

radionuclides is predicted here using the above two modules. The 

amount o f radioactive contamination transported by water in 

particulate (absorbed) form and dissolved form is computed here. 

The amount of particulate radionuclides in runoff depends directly 

on the suspended sediment concentration in water (module 2 ).

In the following chapters the very details o f each module is discussed. 

Chapter 2 depicts the development of the flow module and the averaging 

procedure. Chapter 3 and 4 illustrate the sediment transport and the 

contaminant transport processes and their averaging procedure, respectively. 

Chapter 5 explains the numerical technique, which is selected to solve the 

model. The application o f the model and the verification results are shown in 

chapter 6 . The conclusions and the suggestions for the future studies are 

presented in chapter 7.
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CHAPTER 2 

FLOW MODEL

2.1 Introduction

Horton (1933) described overland flow as follows: “Neglecting 

interception by vegetation, surface runoff is that part o f the rainfall, which is 

not absorbed by the soil or by infiltration. If the soil has an infiltration 

capacity i, then when the rain intensity R is less than i the rain is all absorbed 

and there is no surface runoff. It may be said as the first approximation that 

if R  is greater than i, surface runoff will occur at the rate (R -  i)“ [Eagleson, 

1970]. Horton called (R -  i) rainfall excess. He considered the overland 

flow similar to sheet flow, whose depth might be very small.

Overland flow seldom happens on planar surfaces with homogenous 

physical and hydraulic properties. Surface roughness, soil hydraulic 

properties and structure varies over distance. These factors strongly effect 

the hydrodynamics o f the overland flow. These spatial variations 

significantly influence the soil erosion and contaminant transport as well. 

Overland flow modeling in the past several decades has been confined to 

one-dimensional kinematic wave equations. By constraining the overland 

flow to one dimension and assuming a homogenous plane surface, previous
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models ignored the real, measurable spatial variation in the overland flow 

field. Consequently, significant errors in the distribution o f velocity, depth 

and boundary shear stress may be created.

Dunne and Dietrich (1980) showed that one-dimensional models are 

unable to simulate the spatial variability o f the flow field, however they may 

successfully predict the average flow depth and the hydrograph on a real 

hillslope. For their experimental plots, the coefficient o f variation o f the 

cross-slope depth ranged from 0.5-0.8.

Kibler and Woolhiser (1970) proposed the kinematic cascade method, 

in which the real surface was approximated by a series o f plane surfaces, 

each with a different gradient. Borah et al. (1980) used the same idea to 

develop a more sophisticated kinematic shock fitting technique. 

Constantinides and Stephenson (1981) extended the kinematic wave model 

to a two-dimensional overland flow model.

These studies provided a deep insight to the overland flow problem. 

Yet they were limited by the kinematic wave assumptions. For instance 

negative or steep slopes were not allowed.

Chow and Ben-Zvi (1973) used a two-dimensional hydrodynamic 

equation to model the overland flow. They used Lax-Wendorff scheme to 

solve the model. Yet because o f the simplification o f the hydrodynamic
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equation, all terms related to the convective acceleration were dropped. 

These terms are significant in flow in terms o f spatial variation in hillslope 

characteristics, which could not therefore be incorporated in the model.

Katapodes and Strelkoff (1979) used a characteristic method to solve 

the two-dimensional flow model resulting from a dam break. They pointed 

out all the advantages o f this method. However, for the general case of 

overland flow o f spatial variability in slope, roughness and infiltration, 

characteristic methods are not tractable.

Kawahara and Yokoyama (1980) presented a two-dimensional 

overland flow model, where they had solved a two-dimensional shallow 

water equation using finite element method. Spatial variability o f  roughness 

and infiltration were not included in their model. Iwasa and Inoue (1982) 

modeled floods due to dam break using a two-dimensional Saint-Venant 

equation solved by the Lax-Wendorff scheme. They had not included 

rainfall and infiltration in their model.

Fennema (1985) compared different numerical solutions o f two- 

dimensional transient water-surface flows, which are used in computational 

fluid dynamics. He used McCormack, Gabutti, and Beam and Warming 

methods to analyze the solution o f the shallow water equations describing
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two-dimensional transient flow. Both negative and positive waves were 

simulated following a dam break

Zhang and Cundy (1989) developed a two-dimensional hydrodynamic 

equation. The equation was solved using a numerical scheme based on the 

explicit, second order accurate, McCormack finite difference scheme. This 

scheme allows incorporating the real topography of the field and also spatial 

variation o f soil properties.

Zhao et al. (1994) presented a two-dimensional unsteady flow model 

based on the finite-volume method with a combination o f unstructured 

triangular and quadrilateral grids. The attractive feature o f their model was 

the ability to deal with the wetting and drying processes for floodplain and 

wetland studies, dam break problems involving discontinuous flows, 

subcritical and supercritical flows.

In a general case, the flow model should be three-dimensional. 

However, we may simplify the analysis by considering them two- 

dimensional flows by using vertically averaged quantities. This method 

simplifies and abridges the analysis without a significant effect on accuracy.

2.2 Formulation

The Navier-Stokes equations for an incompressible fluid are:
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Continuity:

du dv dw  _ n
—  + —  + —  = 0 (2 -1)
dx dy dz

Momentum equation:

du , du , du , du \ d  u  „ 2-^r + u — + y — + w — = gx — ^ -  + — V2u (2 -2)
d t d x d y d z  p d x p  v '

dv , dv , dv , dv \ d  u  ^ 2,,+ u — + v — + w — = gy —  + £ _ V "v  (2-3)
at dx. dy dz y p  dy p

dw , dw , dw , dw I d  u
— + u — + y — + w — = gz —  a T + — v  w (2-4)dt dx dy dz /? dz /?

where:

u, v, w = velocity component in x, y and z direction (L T 1),

2
gx,y,z=  gravitational force per unit mass in x, y and z direction (L T  ), 

p = dynamic viscosity ( M L 't ') ,  

p  = density (ML'3),

P = pressure(ML'lT'2), and

QZ QZ Q2
V = Laplace operator =-------+ —-T -i-----.

v v d S  dy2
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A two-dimensional depth-averaged overland flow can be obtained by 

integrating equations (2-l)-(2-4) in the z-direction.

Continuity equation

Integrating continuity equation in the z-direction, it yields:

J' \ f d z + / ' bi d z + w ( Z ) _ w ( Z t ) = 0  (2-5)

Z and Zb are the z-coordinates o f the flow surface and the land, respectively, 

measured vertically to the plane of the land.

Equation (2-5) can be evaluated using Leibnitz rule:

\z = 4~ll udz “  u(z > ?  + u(Zb)_aT’ (2"6>zb ox ox zb ox b ox

( 2 - 7 )

The following boundary conditions can be defined for the general overland 

flow equations:

At the free surface

~  + u(z ) ?  + v(z ) ~  = W(Z) + R(x, y, t) 
dt Ot ox oy

(2-8)

or
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where

R(x,y,t) = rainfall rate (L T 1). 

At the bed surface :

or

w(Zb) = u(Zb) — -̂ + v(Zb) — ^ - i(x ,y ,t)  
dx dy (2-11)

where

i(x,y,t) = infiltration rate (L T 1).

Substituting equation (2-6), (2-7), (2-9) and (2-11) into equation (2-5) 

yields:

where

u =  mean value o f u over the depth o f the flow (L T 1), 

v=  mean value o f v over the depth o f the flow (L T 1), and 

d = Z -  Zb = depth o f the flow measured perpendicular to the plane of the 

land (L).

dZ | d(ud) | d(vd) 
dt dx dy

= R (x ,y ,t)-i(x ,y ,t) (2-12)

R e p ro d u c e d  with perm iss ion  of th e  copyright ow ner.  F u r the r  reproduction  prohibited without perm iss ion .



Momentum equations:

Assuming negligible vertical acceleration, it follows:

[iV2w « 0

and

Dw « 0
Dt

Equation (2-14) indicates that the left-hand side of equation

approximately zero. Therefore equation (2-4) reduces to

1 d? n 
8 ^ & = 0

Integrating equation (2-15) in the z-direction yields:

P = pgz (z -Z )

where

P = gage pressure.

It follows from equation (2-16) that:

1 d dZ
------------:g2 —p  dx dx

 ] _ d _ = dZ
p  dy dy

Multiplying equation (2-1) once by u and once by v, it follows:

(2-13)

(2-14) 

(2-4) is

(2-15)

(2-16)

(2-17)

(2-18)
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Adding equation (2-19) to (2-2) and (2-20) to (2-3) and using equation (2- 

17) and (2-18) one acquires [Fennema, 1983; Street, 1996; Tannehill, 1997; 

Tayfur et al., 1993]:

§ + ^ + ^ ) + ^ 0  = gx + g z f + £ v %  (2-2 D
dt dx dy dz A dx p

<M 2>

Now let us integrate equations (2-21) and (2-22) in the z-direction. In order 

to avoid confusion, the integrals have been presented term by term.

t  — dz = — fZ udz - u(Z)—  + u(Zb) ^ -  (2-23)
Jzb dt d tJzb dt b dt

also

fZ udz = ud  (2-24)
J z b

so

d rz 5(ud)
^ ■ k u d z  s r  (2-25)dt Jzb dt

Assuming that the topography o f the field does not change with time, then
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fz d u v , d eZ ,~ d Z  . dZh
k ~ t y dZ = ^ L UVdZ -  U(Z)v(Z)^  + U(Z‘ )V(Z^  (2-28)

£  d z = u ( z >w ®  _  u (z b )w ( z b ) (2 _ 2 9 )

Substituting equation (2-9) for w(Z) and (10) for w(Zb) in (2-29), and adding 

equations (2-23), (2-27), (2-28) and (2-29), based on the uniform velocity 

distribution assumption, the left hand side o f equation (2 -21 ) yields:

L H S(2-21) = ̂ + ^ S + ^ ^ - u ( R ( x , y , t ) - i ( x , y , t ) )  (2-30) 

Similarly the left hand side o f equation (22) becomes:

LHS(2 -  22) = « e a  + «  + a ff!d ) -  _(R(xy>t) _  i M  
ot ox ay

(2-31)

For the right hand side o f equation (2-21) it yields:
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rz dZ dd ,
t (g' +gz^ > (g<+8^ > (2-32)

In turbulent flow, the dynamic viscosity is replaced by an eddy 

viscosity coefficient. Furthermore, a distinction is made between the stress 

acting in the x-y plane and stresses acting in the x-z and y-z planes. 

Considering these facts, for the shear stress term one acquires [Fennema, 

1983; Street, 1996]:

•xy
f d 2u d 2u ^

d ^  + d p
+  e.

a 2u
d z 2

(2-33)

where

e 9ea = eddy viscosity (ML*1! ' 1)

Assuming that the bottom shear stress is the effective stress, the first term of 

equation (2-33) is negligible relative to the second term. So it follows:

fJzb
d2u

ea T T dz = ®»d z 2 yz=z
— e. Tsx Tbx (2-34)

where

-  wind shear stress at the surface (ML'1T I), and

rkx = bottom shear stress (ML',T 1).
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The wind shear stress due to wind velocity at the water surface is

neglected, and the shear stress at the bottom of the channel can be evaluated

using different empirical formulas. For example, the Chezy formula gives

< „ = ^ - V 2 (2-35)

where

V =  Vu2 + v 2 (L T 1)

C = Chezy coefficient

Equation (2-35) indicates that [Guo et al., 2000; Julien, 1995; Koboyashi, 

1985; US Army Corps o f Eng., 1993]

xbx = Tbcos0 = ^ u V  (2-37)

iby =Tbsin0 = ^ - v V  (2_38)

where

0  = angle between the velocity vector and the x-axis 

Assembling all the depth-integrated terms o f equation (2-21) yield

am + atffl flgW) = ( 5d)d (2-39)
dt dx dy Bzdx C 2

Applying the same procedure to equation (2-22) gives

d(vd) d(uvd) d(v2d) dd. g _ /z j— i t  C2-401- ^  + - ^ - 2  + -^—^  = (g + g  — ) d - - J - W u 2 + vJ V2-4U)
dt dx. dy dy C
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Equations (2-12), (2-39) and (2-40) can be expressed in a horizontal 

coordinate system ( x , y , z ) .  In this system, a channel may have piecewise 

constant bottom slope. A rotation o f this type is generally accomplished 

using the following matrices Fennema, 1983 and 1990; Spiegle et al., 1968]:

(2-41)
'x>  ̂cosax -co s^co sax/sin^> tanaxcosaz>

y = 0 cosay/sin^ tanaycosaz = y
\ z ) r sm ax - s in a ycos2a x/sin^> cosa,̂ / , z>

where

cosaz = 1

^ l  + tan2a x + tan 2a.

costp = smax cosay

sincp =  ^1 - s i n 2a xsin2a y

Figure (2-1) shows the definition o f a x, a y and a z.

'* / ■

/la* /
f~7

(2-42)

(2-43)

(2-44)

Figure 2-1. Definition o f a x, a y and a z [Chaudhry, 1988]

R e p ro d u c e d  with perm iss ion  of th e  copyright ow ner.  F u r th e r  reproduction  prohibited without perm iss ion .



33

Let us assume that even though sinax and sinay may not be small, but their 

product is small. That means:

sinax sinay »  sin2a x» sin2a y« 0 (2-45)

It follows from equation (2-45) that

sincp = 1 ; cos<p = 0 (2-46)

Now it follows [Chaudhry, 1988; Spiegle et al., 1968]

x = xcosa x + ztana x cosa z (2-47)

y  = y c o s a y + z tana^  co saz (2-48)

The dependent variables after transformation become[Chaudhry, 1993; 

Fennema, 1983]

h=̂  c - 49)

-  -  (2-50)u = ucos x v '

v = vcos y (2-51)

where

h = flow depth measured vertically (L).

For the partial derivatives it follows [Chaudhry, 1993; Fennema, 1990]:
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Since the basic idea o f integrating over the depth is to eliminate the 

derivatives along the z-direction, the presence of didz in equations (2-52) 

and (2-53) are objectionable. However, because terms like tanax cosaz(5/dz) 

are o f order sin2a x , they are negligible.

Introducing the transformation to equations (2-12), (2-39) and (2-40), 

simplifying and noting that [Chaudhry, 1993]

and dropping the -  symbol, one acquires [Mays, 1996; Sladkevich, 2000; 

Zhang, 1989]:

g x = gsma (2-54)

sma„cos a (2-55)
gy = g sin<p

gz = -gcosa (2-56)

dh d(ud) d(vd) 
dt dx dy

= R (x ,y ,t)-i(x ,y ,t) (2-57)

d(uh) d(u h) d(uvh) 
dt dx dy

gh cosaxS0x -(c o s a xcosaz)
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d(vh) + d(uvh) + d(v2h) _ 2 dhcosa S0 -  (cosa cosa z) - — S,
dy

Z

vVu2 + v2

S* =
n2W u 2 + v2

* C02h U3

(2-59)
dt dx dy 

where

S0x =  sinax (2-60)

Soy =  sinay (2-61)

(2-62)
C cosa h

vvu_rv_ (2.63)
C cosa,h

If  Manning equation is used to compute the friction terms, then

n2uVu2 + v2

( 2 ' 6 4 )

(2-65)

where

n = Manning coefficient, and

C0= 1.49 in customary units, 1 in SI units

Equations (2-57), (2-58) and (2-59) can also be written in the following form 

[Fennema, 1983]

Ut + Ex + Fy + S = 0 (2-66)
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where

U = uh

Vvhy

(2-67)

E =
uh

u 2h + - (c o s a xcosaz)2gh2 
2

uvh

(2-68)

F =
vh 

uvh

v2h + -  (cosa cosa z)2gh2 
2

(2-69)

S =
(R (x ,y ,t)-i(x ,y ,t))A 

-g h (co saxS0x - S J

-gM cosaySoy-S^,)

(2-70)

uh = momenta convected in the x-direction

vh = momenta convected in the y-direction.
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CHAPTER 3 

SEDIMENT TRANSPORT

3.1 Introduction

When the hydrodynamic forces exerted on the sediment particles 

surpass their threshold for beginning o f motion, coarse particles move in 

contact with the bed surface. Finer particles are brought into suspension 

when turbulent velocity fluctuations are adequately large to sustain the 

particles within the mass o f fluid without intermittent bed contact 

[Khanbilvardi et al., 1984; Yang, 1996].

In the framework o f the present study, transport of coarse particles is 

o f no importance. Overland flows are mostly known to cause sediment 

transport in the suspension mode, because the flow is not hydraulically 

forceful enough to move coarse particles.

Laboratory experiments to predict sediment transport are generally 

very expensive and time consuming. Hence, there is an imperative need for 

mathematical models capable o f predicting sediment transport. In recent 

years many numerical models have been developed to estimate the sediment 

transport rate or sediment redistribution. One-dimensional models include 

those developed by Witkowska (1974), Thomas and Prasuhn (1977), the
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Hydrologic Engineering Center (1977,1993), Han and He (1987), 

Bhallamudi and Chaudhry (1991). One-dimensional models are not 

sufficiently mature. Many key aspects of the real phenomena are neglected, 

which affect the accuracy o f the results.

In spit o f immaturity o f model development, researchers still apply 

their efforts to extend the existing models to improve the outcomes. They 

utilized the same concepts and worked on multi-dimensional problems. 

Two-dimensional models have been developed by Lin and Shen (1984), Rijn 

(1986), Celik and Rodi (1988), Rijn et al (1990). A quasi-two-dimensional 

simulation o f scour and deposition was developed by Hong-Yuan et al 

(1997). A two-dimensional, vertically averaged sediment transport model 

was introduced by Roig,Donnell, Thomas, McAnally and Adamec (1996). 

Quing-Chao and Jin proposed a sediment transport model using depth- 

averaged and momentum equations (1999). Weiming, Rodi and Wenka 

developed a 3-dimensional numerical model for flow and sediment transport 

in open channels (2000).

3.2 Theoretical Basis and Governing Equations

The equation governing the conservation of mass can be applied to a 

small cubic control volume to derive the sediment continuity relationship
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[Julien, 1995]. The rate o f change o f mass of sediment per unit volume of 

water dm/di, is equal the difference o f mass fluxes across the control volume 

faces. In general we have:

m = spatial-averaged sediment concentration inside the control volume

qx,q y,q 2 = mass fluxes o f sediment through the faces o f control volume 

(ML'V).

To avoid misinterpretation, the term concentration is replaced by the 

most common unit for sediment concentration, which is the ratio o f the mass 

of sediment to the volume o f water-sediment mixture. Other units include 

the ratio o f the volume o f sediment to total volume or the ratio o f the 

sediment weight to total weight. The mathematical relations are as 

followings [Julien, 1995]:

(3-1)
dt dx dy dz

where

(ML'3),

sediment volume ¥ Q ,-----------------------= _ l = i _  p
total volume ¥, (3-2)

sediment weight C VG 
total weight 1 + (G -1  )C v (3-3)

where
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Po = porosity, and

G = specific gravity » 2.65 g/cm3 in average.

Also

nippm = 106 mw, and 

mmg/i= 106 G mv

Sediment concentration varies in time and space. Therefore different 

average values can be considered [Julien, 1995]:

1 - Time - averaged concentration m^ = — Jt + S mdt
t,

2 - Spatial - averaged concentration mv = — Jv m d¥
¥

3 - flux - averaged concentration (in 1 - D) m f = ^  Ja mud A 

where

Q = flow rate (L3T '') 

u = velocity in the x direction (L T 1).

The resulting sediment concentration m from equation (3-1) is a 

spatially-averaged concentration inside our control volume. In this present 

research, the distribution of sediment inside the control volume is assumed 

to be uniform. Therefore the spatially-averaged sediment concentration suits 

the assumption. We drop the subscript and superscript from the spatially- 

averaged concentration and use just the symbol m through out this research.
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By expanding equation (3-1), one can realize three different types of 

mass fluxes across each face:

1- advective fluxes,

2 - diffusive fluxes, and

3- mixing fluxes.

Mathematically we can express the above terms as [Yang, 1996]:

where

u, v,w  = flow velocity in x, y and z direction respectively (LT'1), 

co = particle fall velocity (L T 1),

Dx,y.z = molecular diffusion coefficient in x, y and z direction respectively

(3-4)

(3-5)

Aqz = wm (3-6)
advective fluxes settling flux

diffusive and mixing fluxes

(L V ),

e x y z = turbulent mixing coefficient in x, y and z direction (L2T’’).
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The transport of sediments imparted by velocity currents is described 

by advective fluxes. The rate of mass transport per unit area conveyed by 

advection is acquired from the product o f sediment concentration and 

velocity components. Molecular diffusion refers to the scattering of 

sediment particles by random molecular motion, as described by Fick’s law. 

Turbulent mixing or turbulent diffusion induces the scattering o f sediment 

particles due to turbulent fluid motion [Van rijn, 1994; Wu et al., 2000; 

Zhang et al., 1987]. In turbulent flow £ the turbulent mixing coefficient is 

several orders of magnitude greater than D molecular diffusion coefficient.

The general mathematical form describing the conservation o f mass 

for dilute incompressible sediment suspension subject to mixing, diffusion 

and advection (constant D, £x, £y, £z) is obtained after substituting equations

(3-4), (3-5) and (3-6) into (3-1) [Guo et al., 2000; Roig et al., 1996; Rose,

As mentioned before, in turbulent flows, molecular diffusion 

coefficient D, is negligible compared to 8 and it vanishes. In this research, 

the deriving force behind the sediment transport is the overland flow, which

1985]

dt dx dy dz dz
(3-7)
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is a turbulent sheet flow over the soil surface. This fact indicates that the 

only mechanism inducing diffusion is turbulent mixing mechanism. 

Equation (3-7) reduces to [Alanson, 1981; Ariaturai et al., 1976]:

dm  dum dvm dwm dtom d2m d2m d 2m
 + ------+ -------+ ------- =-------  + e x— 5- + e — — + e7— r  (3-8)
dt dx dy dz t dz . dx dy dz

- v ---------------------------------------------------------------    v-------
advective terms settlingterm turbulent mixing terms

A two-dimensional depth-averaged sediment transport equation can

be obtained by integrating equation (3-8) in the z-direction. To avoid

confusion the integration has been performed term by term. Using the

Leibnitz rule it follows:

fz 5 m ,  5 fz d Z b , ~ d Z  d(mh) , ^ d ( Z )[ — dz = — mdz + m(Zh)— -  + m(Z)—  = —— - + m ( Z ) - ^
k  dt d t Jz*> b at dt dt dt

(3-9)

[Z a(um), d r  z azb az
L  ^  dz = T 7 k (um)dz + u(Zb)m(Zb)— f - - u(z)m(z)—JZb dx d x JZb dx dx

a(umh) + u(Zb)m(Zj ^ b  _ U(z)m(z) ^  (3 -1 0 )
dx v o , ax ' ' 'd x

similarly

rz a(vm), a(vmh) azb .a z
k ~ ^ = ~ 5 T  v( b)m( b)^ " v(z,m(z)^  (3- " )

£  ̂ ~ dz = w (Z)m (Z)-w (Zb)Tn(Zb) (3-12)
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g ^ > dz = a (Z)m(Z)-o>(Zb)m(Zb) (3-13)

z 5 2mfJZb

5 fz 5m 5m
E l - r d z  =  £ ,  I  d z  +  ( e y -------

5x 5x Ẑb 5x 5x
Zb

) ® 1_ ( an
5x 5x

5Z
r 5X

52(hm) N5Zb ,™ dZ dm
— + S,m(Zb) _ - 6,m (Z)—  +  ( . _

Zb

)dzb
5x

- ( e :
5m
5x

—
5x

(3-14)

fz 5 m , 5 rz 5m , , 5m
I s v — rd z  =  e v —  I — dz + (e v —  

b 5y 5y Zb 5y 5y zb

% aZb (c ^
'  5y y 5y

) ®
- dy

52(hm) 5Zb /r7. dZ 5m
e y 5y2 +£yin( b) 5y £yin( * 5y +(£y 5y

.d Z , 

zb %

" ( £y —
^_cm
dy z dy

(3-15)

52m 5mft. V I I I  ,  .
I e 7 — -rdz =  ( e ,
Jzb z 5z2 z 5z

5m
) - (ez T -Cz

(3-16)
Z*
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On the other hand [Fetter, 1993]

u m « u m

vm « v m

(3-17)

(3-18)

Equation (3-8) takes the form of

d(hm) t d(hu m) , d(hv m) _  * <3 (hm) * d z (hm)

(3-19)

where

q(x,y,t) = source and sink term (ML‘2T ') ,  and 

s* y = effective turbulent mixing coefficient in x and y direction 

respectively (L2T 1).

All the additional terms in equations (3-9) through (3-18) contribute to 

the diffusion process. Therefore a new effective turbulent mixing coefficient 

has been introduced. The source and sink term quantifies the net erosion and 

deposition. Mathematically q(x,y,t) can be expressed as follows [Nicholson, 

1984]:

q (x ,y ,t)= j-w m  
dM

-T com

(3-20)

<om :
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r = <
—  : t -< t
T D

D
1 : x > x

D

(3-21)

dM
dt

E(— -1 .0 ) : x>x,

0
(3-22)

: t - < t .

x = bed shear stress = pw(u*)2 (ML‘'T 2) [Roig et al., 1996], 

pw = water density (ML*3),

Vg >/(u2 + v 2 )
u = bed shear velocity = -

n
(L T 1) [US Army Corps o f Eng.,

C h ^ ^^ 0  (3-23)

1993],

Co=1.49 in BI units, 1.0 in SI units,

n = manning coefficient,

te = limiting shear stress for erosion (M I/ 'T 2),

td = limiting shear stress for deposition (ML'’T 2),

E = erosion constant (ML'2!" 1).
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CHAPTER 4 

CONTAMINANT TRANSPORT MODEL

4.1 Introduction

Radionuclides (or radioactive substances) are the result of nuclear 

weapon development and test, energy generation and some industrial 

application. Some radionuclides occur naturally and have useful applications 

in science, medicine and technology. Radionuclides are similar to organic 

pollutants in that they sorb to particulate matter. However, they are different 

in two rudimentary ways:

1- The radionuclides listed in Table 4-1 do not volatilize [Chapra, 1997].

2- They decompose by a simple first-order decay function. They are not 

subject to the variety o f decomposition mechanism, such as 

photolysis, biodegradation, etc. that act to break down organic 

compounds [Chapra, 1997].

Radioactive concentration units are measured in radioactivity units (Ci 

curi or Bq becquerel) rather than in mass units. One curi corresponds to the 

disintegration o f 3.7e+10 atoms per second. It is approximately equal to the 

decay rate o f 1 g o f radium. 3.7el0 becquerel are equivalent to a Ci.

R e p ro d u c e d  with perm iss ion  of th e  copyright ow ner.  F u r the r  reproduction  prohibited w ithout perm iss ion .



48

Table 4-1. Listing o f some radionuclides o f interest in 
water-quality modeling [Chapra, 1997]

Radionuclides

Name Symbol
Cesium-137 13/Cs
Strantium-90 9USr

Plutonium-239,240 i3t»̂ 40pu
Lead-210 2.0pb

4.2 Overview
The local and instantaneous equilibrium assumptions were used to

develop a mechanistic framework to describe the transfer o f radionuclides 

on soil surface. The local equilibrium assumption leads to solid-liquid 

partitioning concept. The main reason for solid-liquid partitioning is to 

depict a more mechanistically tangible characterization o f the radionuclides 

mass balance. Especially it is known that several important mechanisms act 

selectively on one or the other o f two forms. For example erosion acts solely 

on the particulate form o f contaminant on the soil surface or diffusion acts 

only on the dissolved form o f the contaminant

Using the above-mentioned assumptions, the total radioactive 

contaminant is separated into two separate components; dissolved 

component and particulate or absorbed component. These components are 

assumed to represent fixed fractions o f the total concentration.
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The following framework, Figure 4-1, is suggested for the transport of 

radionuclide by overland flow [Khanbilvardi et al., 2000; Nair et al., 1996 ]:

Overland
flow
(1)

Soil
(2)

Inflow Outflow

Decay
Diffusion Erosion Deposition

Decay

Dissolved

Dissolved

Particulate

ParticulateSoiption

Sorption

Figure 4-1. Schematic for the suggested 
framework

4.3 Theory and Formulation

4.3.1 Sorption
Sorption is a process, whereby a dissolved substance is transferred to

and becomes associated with solid material [Wallach et al., 1992]. The 

sorbed substance is called sorbate and the solid is called sorbent. Sorption 

includes absorption, adsorption, chemisorption and ion exchange. 

Absorption occurs, when the sorbent (in this case soil grain) is porous so that 

the solute can diffuse into the particle and be sorbed onto interior surfaces.
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Adsorption includes the processes by which the solute clings to sorbent. 

Chemisorption occurs, when the solute is incorporated on sorbent by a 

chemical reaction. Ion exchange is caused by positively and negatively 

charged sites on the sorbent and the sorbate [Fetter, 1997]. In this research 

there will be no attempt to separate these phenomena. Here the term sorption 

will simply indicate the overall result o f the various processes.

The ability o f a soil to adsorb a solute from a certain solution can be 

determined by batch test. A known mass o f the soil is mixed and allowed to 

equilibrate with a solution containing a known concentration o f the sorbate 

o f interest. The soil is then separated from the solution. The concentration of 

the sorbate is then measured. The difference between the initial 

concentration and the concentration after the test is the amount of that was 

adsorbed by the soil. During the test soil samples can be taken from the 

mixture. The samples can be separated by centrifuge. The concentration of 

sorbate as well as concentration o f solution can be measured. The sampling 

is repeated for different concentrations and the results plotted. Figure 4.2 

shows a graph o f this type, which are called isotherms.

Numerous different models have been proposed to mathematically 

represent the isotherms. The two most common are:
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Co

V)■o(0

dissolved concentration

Figure 4.2 Sorption data (isotherm)

1 -Freundlich sorption isotherm:

This isotherm is defined by a nonlinear relationship

C  sorbed — K C j  ( 4 - 1 )

where

Csorbed = mass o f solute sorbed per dry unit weight o f solid 

K and N = constants

Cd = concentration of solute in solution (dissolved concentration)

The most important shortcoming of this isotherm model is the fact 

that theoretically there is no upper limit for the sorption.

2-Longmuir sorption isotherm:
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This isotherm model was developed with the concept that a sorbent 

possesses a limited number o f sorption sites. When all the sites are occupied 

the sorbent will no longer sorb solute from the solution.

p  _  ( C  sorbed )  max P C a .

M  l + SCr d
(4-2)

where

p = a coefficient used to fit the data

When Csorted «  (CsorbedW plenty o f sites are available on the sorbent and 

equation (4-2) becomes a linear relation (Figure 4.3)

Csorbed K d  C d (4-3)

where

Kd= a partition coeffiecient

C sorbed

Iequation (4-3)

equation (4-2)

C d

Figure 4.3 Langmuir isotherm
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The latter case implies that if the dissolved concentration is decreased or 

increased a certain proportion, the solid concentration will display the same 

proportional decrease or increase.

4.3.2 Dissolved Fraction and Particulate Fraction

Fast sorption kinetics assumption leads us to the local equilibrium 

concept. Using the local equilibrium concept we can basically separate the 

total contamination into the dissolved form and particulate form. For 

example, when soil is contaminated by a certain organic chemical the 

contaminant is sorbed onto the soil grains. When the soil becomes saturated 

and all the pore spaces are occupied with water then only a fraction o f the 

contaminant will remain on the soil particles. The rest will be held by water. 

The fraction on the soil particles is the particulate or sorbed fraction and the 

fiaction in water is the dissolved fraction. The sum o f these two is the total 

soil contamination. The same concept can be used to define the same 

fractions for surface water, which is containing and transporting 

contaminated suspended sediment and fine soil particles. After the 

contaminated soil particles enter the water a portion o f the contamination 

will be held only in water in dissolved form. The rest will remain on the soil
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particle, which is the particulate fraction. The sum o f these two is the total 

contamination in water.

Using the above framework for the surface water transporting 

suspended solids, it follows [Chapra, 1997]:

where

Cw = total contaminant concentration in water 

Cpw = particulate concentration in water 

m = suspended solid concentration in water

Using equation (4-3) in (4-5) and substituting the result in equation 

(4-4) one obtains:

(4-4)

sorbed (4-5)

(4-6)
where

KdW= partition coefficient in water.

The dissolved fraction in water is defined as

By combining (4-6) and (4-7) it yields:

(4-7)
dw

w

(4-8)
dw 1 + K m

dw

R e p ro d u c e d  with perm iss ion  of th e  copyright ow ner.  F u r th e r  reproduction  prohibited without perm iss ion .



55

Equation (4-4) indicates that the sum of these two fractions is one. So 

it follows:

F pw  =  1 -  F d W ( 4 - 9 )

or

Fpw- , - V m (4-10)
p 1 + K m

dw
The same technique can be implemented to derive these fractions for 

soil or any porous media. The dissolved concentration in soil can be defined 

as:

C d s  — <t> C d P ( 4 - 1 1 )

where

Cds= dissolved concentration in soil 

<|> = porosity

CdP = dissolved concentration in pore water.

The particulate concentration is defined as:

Cps ~  (1“ ^ )p  C sorbed ^

and

Csorbed = KdsCdp (4-13)
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where

K<jS= partition coefficient in soil.

Equation (4-4) can also be written for soil. It yields:

C s  =  C p s +  C ds ( 4 - 1 4 )

where

Cs = total concentration in soil.

Substituting equation (4-13) into (4-12) and then (4-12) and (4-11) 

into (4-14) it follows:

Cs (1 “ *Ĵ )p C sorbed ^  Cdp

where

p = soil density.

The dissolved fraction in soil is defined as:

F - Cds 
*  Cs

F = ______!______
*  tf + eKds(i-cp)

Substituting (4-15) into (4-16) one obtains:

Similarly

F p s =  1 - F ds

(4-15)

(4-16)

(4-17)

(4-18)
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where

Fps = the particulate fraction in soil.

4.3.3 Diffusion
A solute in water will move from an area o f greater concentration to

an area o f lower concentration. This process is called molecular diffusion or 

just diffusion. Diffusion occurs as long as a concentration gradient exists, 

even if  there is no flow [Fetter, 1993]. Molecular diffusion results from the 

random Brownian motion o f water molecules. A similar kind o f random 

motion occurs on a large scale due to eddies and is called turbulent 

diffusion. Both turbulent and molecular diffusion have a tendency to 

minimize the concentration gradient [Armstrong et al., 1967].

In 1855 the physiologist Adolf Fick proposed the following model of 

diffusion [Chapra, 1997]:

J = - D — (4-19)
s ds

where

Js = mass flux o f solute per unit area per unit time in s direction ( s is an 

arbitrary axis)

D = a diffusion coefficient 

c =  solute concentration
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The minus sign indicates that the concentration moves from the higher 

concentration to the lower concentration. This model is known as Fick’s first 

law. The diffusion coefficient D is a parameter, which quantifies the rate of 

diffusion.

As it can be seen in figure (4-1) the diffusive mass transfer takes place 

only between the dissolved fraction o f the total contamination in water and 

the dissolved fraction o f total contamination in soil. A mass balance for 

water in figure (4-1) can be written as:

0(AhC )
(  w- ) „ ,  = A J (4-20)

Q l  diffusion

where

A = cross-sectional area o f the interface between soil and water 

h = water depth (flow depth).

A finite difference approximation can be used to estimate the 

derivative at the interface between the soil and water. Initially it is assumed 

that the water is clear (rain water) and the dissolved concentration in water is 

less than the dissolved concentration in soil. It follows:

dC C d
J = ~D &  D - S - j— = H (Cdi -  Cfc) -  Vj(C«, - C dw)

(4-21)

where
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1 = mixing length, which is the length over which the diffusive mixing takes 

place

vd = diffusive mixing velocity

Substituting equation (4-21) in (4-20) and canceling out the cross- 

sectional area we get:

4.3.4 Transport Equation
Using a simple mass balance and integrating the resulting equation

over the flow depth the same equation as equation (3-19) can be obtained 

for the contaminant transport in water:

dt diffusion
Vd(^ds C ^ - v ^ C ,  FdwCw) (4-22)

d(Cwh) | d(vhCw) t d ( u h C J _  a
dt dx dy dx.

+ qc(x, y, t) + tp(x, y, t)

qc(x,y,t) = (q(x,y,t)/ps)*Fps*Cs (4-24)

p(x,y,t) = -XhCw + V ^ C .  - F dwCw)
(4-25)
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where

Cw = total contaminant concentration in water (BqL'3)

Cs = total contaminant concentration in soil surface (BqL'3)

Cabs = concentration o f contaminant on soil grains (BqL'3)

X = first order decay rate (T '1)

V d =  diffusive mixing velocity (L T 1)

The change o f the soil-water interface contaminant concentration can 

be written as:

d(Cs) = -(qc(x,y,t)+g>(x,y,t)) (4 .26 )
dt h(x,y,t)
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CHAPTER 5 

AN ANALYTICAL SOLUTION FOR THE FLOW  

MODEL AND THE FLOW M ODEL’S ACCURACY

5.1 Introduction

There is no analytical solution available for the 2D-depth averaged 

overland flow equations. In order to obtain an analytical solution first the 

problem must be reduced to a one-dimensional one. By doing so one o f the 

velocity components (velocity in the x-direction or velocity in the y- 

direction) is eliminated. Once the model is one-dimensional some 

assumptions are made to simplify the problem. After these two steps, an 

analytical solution is obtainable by imposing a sin transformation on the 

spatial derivative o f the equations.

5.2 Solution Procedure

The one-dimensional shallow water equations (or the Saint Venant 

equations) are frequently used as the mathematical representation o f flows 

on planar land segments. They are comprised o f the continuity and 

momentum equations as:
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|j^  + ̂ ^  = R (x ,t)-i(x ,t) = N(x,t) 0 < x < L , t > 0  (5_j)

q = c ay v a v  l a v  n v
f  0 ax g 3x g a t  gy (5-2)

where

y(x,t) = overland flow depth 

V(x,t) = depth-averaged flow velocity 

L = length of the hillslope 

So = slope o f the land

N(x,t) = net lateral inflow into the overland flow section ( rainfall -  

infiltration)

Sf = slope o f the total energy line 

g = gravitational acceleration

Sf is related to the flow depth and velocity through a friction 

relationship like Chezy equation. According to Chezy law:

V(x,t) = CA/y(x,t)Sf(x,t) (5-3)

where

C = Chezy coefficient

The problem has been reduced to a one-dimensional problem but still 

there is no known analytical solution to solve the full ID Saint Venant

R e p ro d u c e d  with perm iss ion  of th e  copyright ow ner.  F u r th e r  reproduction  prohibited without perm iss ion .



63

equations. Thus, certain simplifications must be applied. One such 

simplification is obtained by neglecting all but first two terms on the right -  

hand side o f equation (5-2) leading to

Combining equations (5-1), (5-3) and (5-4) leads to the diffusion 

wave approximation

Govindaraju et al (1990) used a sine transformation for the spatial part 

o f the solution to obtain analytical expressions for the overland flow and 

discharges. The choice o f this spatial representation o f the flow was not 

arbitrary. It was observed by Govindaraju et al. that the sine functions are 

the eigenfunctions o f the corresponding homogenous problem while 

utilizing the diffusion wave approximation for overland flows. We shall use 

their analysis in this study. The depth o f the overland flow profile may be 

approximately expressed as:

(5-4)

(5-5)

y(x,t) = h(t)sin(— ) (5-6)

where

h(t) = flow depth at the downstream end
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The flow discharge at any space and time point is the product o f the 

flow depth and depth averaged velocity, and is given as

q(x,t) = Ch2/3sin3/2( ^ ) ( S 0 -h ^ c o s ( ^ ; ) ) 1/2 (5"7)

The initial and boundary conditions, which are applicable here, are:

y(x,0) = 0 0< x < L
(5-8)

y(°»t) = 0 (5-9)

d y ( M  n
~ a r = 0  (5- 10)

Equation (5-6) constitutes an approximation to the true solution and in 

general, is different from it. Substituting equation (5-6) in to (5-5) and 

integrating over the spatial domain, results in the following ordinary 

differential equation for the flow depth at the downstream end:

| +_ * c o ” -g(t)-o (5. U)

where

« (0  = f E t LN(x,*)dx (5‘ 12)

= spatially averaged net lateral inflow 

It is reasonable to assume that there is no spatial variation o f rainfall 

over the scale o f a single hillslope. Equation (5-11) thus uses an average 

spatial infiltration. If the soil surface is fairly impervious, then there is no
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approximation in using the representation in equation (5-10). If the soil is 

pervious, one first needs to calculate the infiltration to estimate N(x,t) as a 

function o f rainfall and infiltration; g(t) is then estimated by equation (5-12). 

However, g(t) is a time-dependent function. This function may be 

approximated to any degree of accuracy by discretizing it into a series of 

piecewise constants. Let us say that this value is gr over the time interval 

(t,t+At). The solution to equation (5-11) is then obtained as [Govindaraju et 

al (1990)]:

i r log
u 2- a u  + a2 

(u + a)2 a V 3 t a n  ( w / )  k _ 4 L C V S o ( r  t J

where
(5-13)

* - ± 10*
u r2 - a u f + a 2 

(ur + a )2 aV3
tan 2u r - a  

aV3 ,

(5-14)

a = -
2g r  L ~ 
nCyfS^

1/3

(5-15)

u = u(t) = V W
(5-16)

The solution in equations (5-13) and (5-14) are applicable over the 

time interval (t,t+At). After the rain stops (and assuming that there is no

infiltration), there is no net lateral inflow contribution to overland flow. The
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solution to equation (5-11) for the receding part of the hydrograph is then 

given as [Govindaraju et al (1990)]

It is important to realize that although this is an analytical solution but 

it is based on a “sin” transformation, which is an approximation o f the true 

solution.

The performance o f the analytical solution was compared to the data 

obtained from an experiment conducted by Singer and Walker (1983). The 

experimental set-up consisted o f a laboratory flume 0.55 m by 3.0 m. Water 

was supplied through a rain simulator, overland flow or a combination o f 

both. During each experiment the slope was set at 9% and the duration of 

each run was 30 minutes. In these experiments, approximately 20% o f the 

simulated rainwater seemed to have infiltrated. The agreement between the 

experimental results and the analytical solution is presented in Figure 5-1 is 

reasonably good.

h ( t) - 4Lu (5-17)

where

tr = duration o f rainfall

u r = V h(tr )
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Figure 5-1. Comparison o f analytical solution vs. observed data

5.3 Flow Model Accuracy

A simple one-dimensional problem is solved in order to evaluate the 

accuracy of the flow model. It is the case of the overland flow on a one­

dimensional plane surface, for which the hydrodynamic equations have been
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solved numerically using the characteristic formulation and is shown to be 

very accurate [Zhang et al. 1989]. This example is necessarily simple, 

chosen to test the accuracy of the hydrodynamic model.

To test the model accuracy, rainfall from a smooth impermeable plane 

surface was simulated. The results o f the simulation were compared with 

those obtained using the characteristic method by Woolhiser and Ligget 

(1967). The simulated rising hydrographs from the two models and 

Kinematic wave model are shown in Figure 2. These results were computed 

for the case defined by the following conditions:

Length = 12 m 

Manning coefficient =0.01 

Rain intensity = 10 cm/hr 

Froude number = F = 2

S LKinematic wave number = — = 1
F h 0

where

h0 = normal depth

The computation grid was taken as Ax = 1.0 m, the time increment 

was At=0.12 s. The results show that the agreement between the 

hydrodynamic model and the characteristic solution is very good. Since the
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kinematic wave number is much less than 10 for this case, the solution by 

the kinematic wave equation is not satisfactory.

0.8 -

IT
0.6  •

0.4 - Characteristic
Hydrodynamic
Kinematic0.2 -

0.0
0.0 0.2 0.4 0.6 0.8 1.2 1.8 2.01.0 1.4 1.6

tV/L

Figure 5-2 Comparison o f the hydrodynamic model with the 
characteristic and kinematic solution (R = rain intensity, q = 

unit discharge, V = normal flow velocity)
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CHAPTER 6 

NUMERICAL SOLUTION

6.1 Introduction

In the previous chapters the conceptual parts o f this model were 

discussed and the governing equations were formulated. The objective of 

this chapter is to review the numerical technique, which was chosen to solve 

the partial differential equations o f the flow model, the sediment transport 

model and the contaminant transport model.

Reviewing the equations one can realize that the governing equations 

o f the flow model are a set of hyperbolic non-linear partial differential 

equations, whereas the governing equations of the sediment and contaminant 

transport models are parabolic equations. The fact that the equations 

describing the flow are non-linear makes them much more difficult to 

handle. Specially, in this research, where the model is a 2D depth-averaged 

model there are no analytical solutions available.

Numerical solutions of the equations may be obtained by finite 

difference methods in which the continuous domain is replaced by discrete 

intervals. The derivatives o f the sets o f partial differential equations are 

replaced by algebraic equations in terms o f the dependent variables (e.g., h,
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u, v, m) at the discrete points of independent variables (x, y, t) [Fennema, 

1983],

6.2 Numerical Solution Technique

Lax and Wendorff (1960) investigated a number of difference 

methods, which became popular for solving hyperbolic systems. These 

methods, known as two-step schemes, are based on second order Taylor 

series expansion in time [Abbott, 1979; Fennema, 1990]. MacCormack 

(1969) introduced a simpler variation o f Lax-Wendorff scheme. His scheme 

gained a wide acceptance in computational fluid mechanics.

MacCormack scheme consists o f a two-step predictor-corrector 

sequence. For equation (2-63) the method takes the form [Chaudry, 1993; 

Tannehill, 1997; Zhang, 1989]:

Predictor Step:

U (i,j,§  = U (i,j,n )--^ -V x E (i,j ,n )- -^ -V yF(i,j,n)-A tS(i, j,n )

(6- 1)
Corrector step:

U(i,! , ( )  = U(i,},§) - £  Ax E(i, j,£ ) -  AyF(i, j,£ )  -  AtS(i, j,£ )

(6-2)
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in which U(ij,£) and U (ij,Q  are intermediate values for U. The new vector 

U at time n+1 is acquired from :

U(i j,n + l)  = (U(i j £ )  + U(i j,Q ) / 2 (6-3)

where

£ and £ = dummy variables 

A = forward differencing 

V = backward differencing

In the presented form backward differences are used in the predictor 

step and forward differences are used in the corrector step. The forward and 

backward differencing can be alternated between the predictor and corrector 

steps as well as between the two spatial derivatives in a sequential fashion. 

This eliminates any bios due to one-sided differencing. The sequences 

shown in table 6-1 are used in this study.

Table 6-1. Sequence table for the flow model

Step 1 Step 2 Step 3 Step 4

Predictor V Vv  x v  y AxAy VXAy AXVy

Corrector AxAy V Vv  x v  y AXVy VxAy
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The MacCormack scheme is also suitable for the sediment transport 

and contaminant transport equations (parabolic). This scheme is known to 

yield a good prediction at a reasonable computation price [Chapra, 1997].

6.2.1 Boundary Conditions

Two different types o f boundary conditions have been considered in 

this study, open and close boundaries. The only open boundary is the outlet, 

where the flow has been considered to be uniform. All the other three 

boundaries have been considered to be close boundaries. Reflection 

boundaries can be easily incorporated in the MacCormack scheme for close 

boundaries. Fictitious points outside the computational domain are replaced 

by immediate interior points. Antisymmetric reflection is incorporated by 

changing the sign o f the normal component o f velocity (Figure 6- 

l).[Constantindis, 1981; Morris, 1978]

l|l Interior domain
Fictitious point U

♦
( i - l j )  X (U) ( i+ lj)

• ------  y----------•
«   Jl  ►

*

Figure 6-1. Reflection boundary
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6.2.2 Stability

The MacCormack scheme is stable if the Courant-Friedrichs-Lewy 

(CFL) condition is satisfied [Fennema, 1983]. This condition for two- 

dimensional flow may be written as [Zhang et al., 1989]:

C ( V + # ) A g ^ 2 ^ 2  S1 (6-4)
AyAx v 3

where

V = resultant velocity at the grid point.

The numerical scheme is stable only if  this condition is satisfied in 

every grid point. This condition is heuristic and is derived from the 

linearized form o f the governing equations for one-dimensional flows, some 

numerical experimentation should be done before selecting an actual upper 

limit o f the value o f Cn.

6.2.3 Artificial Viscosity

High-frequency Oscillations could be produced by the dispersive 

errors in the MacCormack scheme near the steep gradients. Artificial 

viscosity might be added to the scheme to dampen these oscillations. In this 

procedure we first compute the following parameters using the computed 

values o f h, v and u at n+1 time level [Chaudhry, 1993]. For example for h:
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. |h ( i+ l , j ) - 2h(i,j) + h(i,j)|
U? |h(i+ 1, j)[+ |2h(i, j)| -f |h(i - 1, j)| ^

n _  |h ( i , j+ l ) - 2h (i,j)+ h (i,j- l) |
|h(i, j +1 )|+ |2h(i, j ) |+ |h(i, j -1 )| (6' 6)

At points, where h (ij- l)  or h (ij+ l)  do not exist:

|h(i,j + l) -h ( i , j ) |
"( ’J) |h(i,j + l)| + |h(i,j)| (6' ?)

or

„ (i n _ |h ( i.j) -h ( i,j- l) |
U’(1’J) [2(i,j)|+|h(i,j-l)j (6‘8)

Then the following equations are determined

8^(i-l/2 j)  = k max (v^(i-l j) , v (̂i j))  (6-9)

e*(ij-l/2) = k max (v„(i j-1), vn(ij)) (6. 10)

where

k = dissipation constant, (a value o f 0.3 is recommended for the first trial)
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The final value o f the variable f  at the new time step is computed as:

f(ij,n+ l) = f(ij,n+ l) + [s^(i+l/2 j )  * ( f(i+l j ,n + l)  -  f ( I j ,n + l) )

- e^(i-l/2 j )  * ( f(ij,n+ l) - f(i-l j ,n + l ) ) ] + 

[sn( ij+ l/2 ) * ( f(ij+ l,n + l) -  f ( i j ,n + l) )

- en(i-l/2J) * ( f(ij,n+ l) - f ( i j - l ,n + l) ) ]

(6- 11)

in which f  refers to u, v and h. Equation (6-11) can be considered as a

FORTRAN replacement statem ent.

6.2.4 Computational Procedure
The computational process is described here, to cover three distinct parts

o f the simulation processes. They are:

1- Hydrodynamic Computations: Flow velocity in x and y directions as 

well as flow depth is calculated in this part.

2- Sedim ent Transport Computations: Suspended solid concentration is 

calculated based on the above hydrodynamic results.

3- Contaminant Transport Computations: The change o f the soil 

surface contamination as well as sediment-controlled contaminant 

transport in water is computed in this part.
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These steps are intentionally separated to save computation time. The 

hydrodynamic part needs a longer computation time. Due to the nature of the 

equations in this part smaller time increments are needed for the difference 

equations than the other two parts. This way with one hydrodynamic run 

several different sediment transport and contaminant transport scenarios can 

be executed. The complete procedure is described sequentially in the 

following flowchart (Figure 6-2).
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Hydrodynamic Model
Suspended Solid 

Transport

________ T

Z
 Prepare Data: 

Topography,

Soil Properties, Rain 
Intensity e tc .

Read: Output: Output:
Topography, Velocity in the x-direction Suspended Solid
Soil property Velocity in the y-direction Concentration,

(Infiltration rate. — ► Flow Depth, Net Sediment Flux
Roughness Plot Hydrograph Across the Water-Soil

Rain Intensity etc) Interface,

Read: 
Hydrodynamic Data, 

Soil Properties

Contaminant 
Transport Model

Output:
Change in Soil Surface Concentration, 

Contaminant Concentration in Solid and 
Liquid Runoff

Start (3)

Read: 
Hydrodynamic Data, 

Suspended Solid Concentration, 
Soil Surface Initial Concentration

Figure 6-2. Model general flowchart
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CHAPTER 7 

MODEL APPLICATION

7.1 Introduction

The contaminant transport model developed in this research was 

applied to an experimental runoff plot near the Chernobyl Nuclear Power 

Plant (NPP). This plot was designed and constructed by the Center for Water 

Resources and Environmental Research (CUNY) in Ukraine to conduct a 

one-year long experiment on the erosion-controlled transfer o f radionuclides. 

The plot was located 12 km to the south-southeast from the Chernobyl NPP. 

Artificial rainfall was performed to induce erosion in a controlled 

environment. Liquid and solid runoff were collected and studied. In the 

following sections the details o f the research area, experimental procedure 

and the data collection process is discussed. At the end o f this chapter the 

results o f the model simulation and the collected data are compared.

7.2 Physiographical Characteristics of the Research Area

The Chernobyl NPP is located in Northern Ukraine (Figure 7-1) 

within the geographical zone o f Kiev Polesye. This zone is characterized by 

moderate/continental climate with positive balance of humidity at relatively
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high temperatures and low humidity in the summer, and low temperatures 

and high humidity and snow cover in winter. The main temperature 

characteristic o f  the area are presented in Table 7-1.

Kiev

UKRAINE

o  -  Runoff Plot

ChNPI

8  km

Figure 7-1. Location map for the runoff plot 
near the Chernobyl NPP
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Table 7-1. Characteristic temperature in the 
area o f the Chernobyl NPP

Parameter January July
Monthly Average Temperature - 5.6° C 19.1°C
Absolute Extremum - 44.9° C 45.2° C
Daily Average Temperature 5.7° C 11.1°C
Daily Maximum Temperature 28.1° C 18.2° C

The annual average relative humidity is 77 percent. The maximum 

daily precipitation (with 0.01 percent probability) is 190 mm. The maximum 

20 minute precipitation (with 0.01 percent probability) is 72 mm. The 

earliest date for snow cover to appear is October 6 , the latest date is 

December 15. The earliest date for snow cover to thaw is February 21, the 

latest date is April 22. The number o f days with snow cover is 90-102. The 

average depth o f snow cover in open space is 8 cm, the maximum is 41 cm.

X X A s ,/A \

/

Figure 7-2. The top view o f 
the runoff plot

Figure 7-3. The perspective 
view o f the runoff plot
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The dominant wind direction is northwesterly. The average annual wind 

velocity is 4.2 m/s. the maximum wind velocity (with 0.01 percent 

probability) is 47.3 m/s

The experimental runoff plot, Figure 7-2 and 7-3, is located on a 

gentle (6° mean) southern slope o f a hill with absolute elevation of 140 m. 

this hill dominates the landscape. The topsoil here is typically soddy- 

podzolic, sandy-loam, low-thickness (14-18 cm) one, with leached and 

poorly structured soil-forming rock. The predominant grain-size fraction is 

coarse silt.

7.3 Instrumentation of the Runoff Plot

To study the erosion/sedimentation-controlled radionuclide transfer, a 

20 m x 20 m runoff plot was designed and constructed. It was surrounded by 

wooden curbs from its three lateral sides and by a runoff chute from the 

lower side. Figure 7-4 shows the instrumentation and experimental setup in 

detail.

The frame o f the chute was made o f wood, while the runoff bed was 

made of sheet metal with corrosion-resistant coating. The chute was placed 

into a prepared trench so that its upper edge was 3-6 cm lower than the soil 

surface. A screen was buried in the soil beyond this edge to prevent both
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liquid and solid runoff from leaking to outside the chute. In one of the lower 

comers of the chute, a discharge window was made under which a discharge

1 - Comer pillars;
2- Fixing pegs;

3- Elementary (meter) squares;
4- Soil trail pits;

5- Hydrophysical spots;
6- Pipelines to the tensiometers 

7- Runoff chute;
8- Receiving tank for liquid and solid runoff;

9- Water discharge channel;
10- Wooden boundary curb;
11 - Benchmark for leveling;

12- Rain gauge;
13-Area for irrigation equipment 

14- Profiles 1,2 and 3 to study microtopographical changes of the plot.

Figure 7-4. Scheme o f the runoff plot
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tank with a capacity of 50 liters was placed. The entire length of the chute 

was covered on top to protect it against direct entering o f rainwater, while 

the liquid and solid runoff could easily pass into it. The design o f the chute 

allows for its periodic inspection and collection of the solid runoff.

7.4 Preparation of the Plot and Initial Samplings

First, the runoff plot was devegated. Then it was broken down into 40 

subareas o f 1 m X 1 m elementary squares, with downslope lines lettered 

from A to T, and lines along the slope numbered from 1 to 20. The exposed 

dose intensity (EDI) was then measured for gamma radiation in order to 

assess the amount and the uniformity o f the radioactive contamination. 

These measurements were made at the center o f each elementary square by a 

scintillation radiometer SRP-88N. The probe was located at about 60 cm 

above the ground to ensure obtaining an integrated flux o f gamma quants 

from the area o f 1 sq. m and a certain smoothening of the picture. The error 

o f a single measurement did not exceed 1 pr/h. the observed variation o f the 

EDI measurements was 200-232 pr/h with the arithmetical mean value of 

217 pr/h.
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The leveling survey was conducted to determine the elevation and 

slopes on the plot. Altogether, 441 measurements were performed with the 

accuracy o f 1 mm.

Soil samples were taken to obtain a number o f soil properties such as 

grain-size distribution, content o f radio cesium and other gamma emitting 

radionuclides, humus, exchangeable cations and agrochomicals pollutants in 

natural conditions, prior to experiments. The samples were taken at the 

center o f each square element by pressing metal rings to a depth o f 5 cm. 

The total number o f samples taken was 400. Only 25 o f these samples were 

studied as the representative o f the plot.

To determine the soil water/physical properties, such as coefficient o f 

permeability, changes in suction pressure when wetted and dried, six 

monoliths- undisturbed samples, 6000 cm3 in volume, o f the upper one- 

meter layer o f the soil- were taken from two soil sections. The coefficients 

o f  permeability measured in the lab fluctuated between 3.1 and 4.8 m/day.

7.5 Artificial Rainfall

The intensity and the amount o f the artificial rainfall were calculated 

based on the precipitation pattern in the area and taking into account mainly 

heavy showers able to induce erosion. According to the long-term
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precipitation falls in the months June through August, and over 60% of 

precipitation in these months is of the heavy shower type. The maximum 

daily amount o f precipitation observed has reached 120 mm, but this occurs 

no more than once in ten years. The duration o f abundant precipitation does 

not exceed 12 hours, its intensity varying within 0.02-1.85 mm/min. The 

duration o f such maximum intensity precipitation is no longer than 8 to 12 

minutes.

To obtain a clear picture o f erosion process, the intensity of the 

artificial rainfall has to be 3-4 times that o f the natural rainfall, i.e. 7-8 

mm/min, with duration o f 6 to 8 minutes. More prolonged precipitation 

exceeding 10 minutes would cause additional factors not to be accounted for 

with due accuracy.

To perform the artificial rainfall, water was supplied by three 

irrigation machines, KO-002 with 6.5 m3 capacity. Taking into consideration 

the wind drift of the rainfall cloud, the two machines were placed on the 

upper northern side o f the plot, while the third one was placed on the upper 

western part. This was aimed at making the most use o f wind to cover the 

entire area with artificial rainwater. All the machines started ejecting water 

jets under a pressure of 8 atmosphere up and forward simultaneously. The
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rainfall lasted six minutes. It appeared that some 90% of the water fell on the 

plot; the rest was either ejected or wind-drifted beyond it.

7.6 Study of Grain-size Distribution

The study was carried out using the areometric method, by the device 

PZPS # 1 8 , 88 , and TU-25-75, 1122-75. The method is based on measuring 

the density o f the slurry prepared from the soil in question.

A specimen is taken from the soil sample with natural moisture 

content, its dry weight being 10-15 grams, and placed inside a porcelain cup; 

then after adding 20 ml o f the 5% solution of Na2P207, it is left for 6-8 

hours. In addition another specimen is taken from the soil to determine the 

soil skeleton density and moisture content, which are used to calculate the 

dry weight o f the specimen.

Upon dispersing, some distilled water is added to specimen and it is 

ground by means of a rubber pestle. Then the slurry is poured into a glass 

vessel, distilled water is added again until the volume o f the slurry reaches

0.4-0.6 liters, and it is being shaken for half an hour. After shaking, the 

slurry is strained through a 0 .1-mm sieve, and distilled water is added again 

until the volume o f the slurry reaches 1 liter. The coarser particles remaining 

on the sieve are dried, and the weight o f particles larger than 0.1 mm

R e p ro d u c e d  with perm iss ion  of th e  copyright ow ner.  F u r th e r  reproduction  prohibited without perm iss ion .



88

calculated. The finer fractions, which went through the sieve, after stirring, 

measuring its temperature and allowing for sedimentation, are placed into a 

device, where the density o f the slurry is determined at various depths and at 

certain time intervals. Then the percentages of all fractions are calculated.

Since the PZPS device can be used only to determine the content of 

soil fractions in the range o f 0.001 mm to 0.01 mm, the content of coarser 

fractions, 0.02 to 0.05 mm, was determined by means of the floating 

areometer TU-25-11, 1122-75. The results o f grain-size analyses o f soils 

from the runoff plot are given in Figure 6-5.

%

Prior to irrigation 
After irrigation

to -

QOS-
0.01

0.S-
0.2

02
cto

1-05

Figure 7-5. Grain-size distribution on the runoff plot 
prior and after irrigation
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7.7 Changes in Topography of The Runoff Plot During One 

Year
To study the changes o f the topography and microtopography 

(changes in elevation o f 1-2 mm over a distance of 10-20 cm) after the 

rainfall simulations, a method of “needle profiles” has been developed and 

emplyed in practice. The following actions were undertaken:

1. Three profiles were set up along the slope to characterize the 

sections most prone to erosion and to cross the main furrows.

2. At the distance o f 5 cm from the western end o f each profile, a 

wooden benchmark was hammered into the ground, to serve for 

leveling and finding the profile.

3. Each o f these profiles were intersected by short (1 m long) 

transversal profiles perpendicular to the main ones.

4. At every 10 cm along the short profiles, metal needles 15 cm long 

were punched into the soil, so that their upper ends were flush with 

the surface.

5. Using a surveyor’s level and a wooden ruler, elevations o f each 

needle top were obtained.

6 . After the rainfall simulation, the new positions of the needle tops 

were measured with the accuracy of 1 mm; their positions either
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remained the same -  even with the ground -  or changed ( came up 

at places o f erosion and disappeared under the soil at places of 

deposition).

As a result, for the 330 points located at places most vulnerable to 

erosion, data were obtained regarding their coordination before and after 

rainfall events, as well as data regarding changes in their final elevation 

caused by erosion and accumulation.

The data indicated that the annual soil losses amounted to 2.1 mm for 

the western and central profiles, and 1.2 mm for the eastern profiles. Taking 

into consideration that the needled profiles were installed on the most 

erosion-prone areas o f the runoff plot, the real washout o f the soil is close to 

that for the eastern profiles, that is 1.2 mm, which corresponds to the Type 

IV o f the erosion intensity -  “strong erosion”.

7.8 Annual Balance of The Soil Mass

To determine the mass o f the soil taken out o f the plot (either by 

washout due to natural and man-made runoff, or removed on the roots o f 

vegetation), the volume o f the soil taken out is multiplied by its average 

density:

20 m X 20 m X 0.012 m X 1610 kg/m3 = 773 kg
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This value is o f the same magnitude as the total amount o f measured 

annual natural and man-made solid runoff, which was 380 kg; the difference 

is probably related to the fact that the previous value (773 kg) included the 

soil taken out by vegetation. Indeed, when the soil mass removed with the 

roots during the two cycles o f weeding, was calculated it appeared to be quit 

close to this difference (773 -  380 =393 kg)

The distribution o f the soil washout (in kilograms) by season during 

the one-year cycle is given in Table 7-2.

Table 7-2. Soil Washout in kg from the Runoff Plot During One-Year
Experiment

Fall
1995

Winter
1995-96

Spring
1996

Summer
1996

Fall
1996 Total

Natural Solid Runoff 6 0 6 4 5 21
Man-made Solid Runoff 98 0 56 22 183 359
Devegatation and Weeding 111 0 0 0 282 393
TOTAL 215 0 62 26 470 773

7.9 Characteristics of The Radioactive Contamination

The distribution o f the 137Cs in the upper 5-cm layer o f topsoil on the 

runoff plot has been studied by analyzing results o f gamma-spectrometric 

measurements for 25 samples taken from the nodes o f 4 m X 4 m net before 

and after each rainfall simulation and during the entire annual cycle. The
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137Cs concentration in the soil fluctuated between 1.9 and 11.3 kBq/kg. Its 

arithmetic mean value was 5.51 kBq/kg with standard deviation o f 2.85. As

17 7
we see the Cs concentration is highly variable, which may be explained by 

both spotty character o f fallout and nonhomogeneity o f depths reached by 

the radionuclides within the plot.

Artificial rainfall caused a significant redistribution o f radionuclides 

in the upppermost soil layer. In some places their concentration became 

lower, while in others it became higher. At first glance it seems that both

117
decrease and increase in the Cs concentration can be explained by 

washout o f the uppermost layer o f the topsoil and accordingly by deeper 

portions of the soil profile getting into the sampler. Depending on the nature 

o f the vertical distribution o f the nuclide (separation o f the maximum from 

the surface or simple exponential distribution) the resulting outcome may be 

different. The Influence o f the thickness variations o f the sampled soil on the 

arithmetical mean value o f mass concentration o f 137Cs, as evaluated by 

detailed study o f vertical distribution o f this nuclide in two trial pits (Figure

6-4) is rather distinct. So increase in the thickness o f the sampled layer from 

5 cm to 7 cm leads to the decrease in weighted average values o f this 

concentration by26-27 percent.
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7.10 Annual Balance of 137Cs on The Runoff Plot

As per measurements made in the beginning o f the one-year cycle of 

research for 25 samples taken from the uppermost 5-cm layer of topsoil on 

the runoff plot, the amount o f l37Cs was as follows:

20m X 20m X 0.5m X 1610 kg/m3 X 5.51 kBq/kg =177,422 kBq.

Knowing the masses o f the natural solid runoff, man-made solid 

runoff, soil removal on the roots of vegetation, and seasonal alterations of 

137Cs concentrations in these masses, it is possible to calculate both the total 

amount o f radiocesium removal from the runoff plot and its distribution by 

constituent elements and season (Table 7-3).

7.11 Model Runs and Simulations

The model was calibrated with the available data, which were 

collected during the one-year cycle of the experiment. Those data, which

117
Table 7-3. Removal of Cs in kBq from the runoff plot during the

one-year experiment

Fall
1995

Winter
1995-96

Spring
1996

Summer
1996

Fall
1996 Total

Natural Solid Runoff 49 0 33 22 25 129
Man-made Solid Runoff 630 0 174 122 897 1832
Devegatation and Weeding 637 0 0 0 1210 1847
TOTAL 1316 0 207 144 2132 3799
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were not available, were taken from literature and previous research 

material.

Three artificial rain operations were simulated with the first module. 

In all three simulations (runs) the rain intensity and the infiltration rate were 

equal and constant. A time-dependent infiltration rate did not show a 

significant change in the results o f the model. It was also assumed that the 

change of the topography o f the plot is negligible. So the initial grid 

elevations were kept for all three runs. This assumption is justified due to the 

fact that the average change in elevation across the plot was about 1.2 mm, 

which does not have any significant effect on the model results. In extreme 

cases, where the topography change is significant, it can be easily 

incorporated into the module 1 as a subroutine, where the hydrodynamics 

(velocity in the x and y directions and the flow depth) are computed.

Using the results o f the module 1, the second module was run to 

compute the sediment transport, soil detachment and deposition and the 

sediment discharge from the plot after each rain simulation. Like module 

one, module two also had to be calibrated first. Certain key coefficients and 

inputs, useful for the model, were not measured during the one-year 

experiment. Their initial values were obtained from the literature. Among 

them the critical shear stress for detachment and erosion constant were
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extremely important. These two inputs depend highly on the grain-size 

distribution. Therefore some adjustments had to be made after each 

simulation to reflect the changes o f the grain-size on the sediment discharge. 

Figure 7-5 shows clearly a change in the grain-size of plot after the rainfalls 

were performed. Table 7-2 also shows a decreasing pattern in the sediment 

discharge from the runoff plot between the first and the third artificial 

rainfall. There was a jump in the sediment yield in the fourth rainfall 

simulation. This jump can easily be explained by the fact that there was a 

weeding and devegatation operation performed before the artificial rainfall. 

These operations extricate the soil structure so the surface runoff can detach 

the soil particles much easier.

Most o f the coefficients and constants in the third module were 

obtained from the literature and previous experiments conducted by other 

scientists and research groups [Brunjes et al., 1999; Carlsson, 1978; Hillel, 

1980; Rogowski, 1965]. The 137Cs concentration on the soil surface before 

each artificial rainfall was available, which was used for each individual run.

Followings are the model inputs for the three runs, which were 

performed to simulate three artificial rainfall operations.

Module 1:

- Infiltaration rate = 0.003 cm/s
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- Rain intensity =0.0135 cm/s

- Rain duration = 420 seconds 

Module 2:

- Erosion Constant = 0.0003 g/cm2.t

- Limiting shear stress for erosion = 0.04 Pa

- Limiting shear stress for deposition = 0.02 Pa

- Soil average density =1.61 g/cm3 

Module 3:

- Soil porosity = 0.5

- 137Cs diffusion coefficient = 1.21 e-6 cm2/s

- 137Cs partition coefficient = 5e+5 cm3/g

- Diffusive mixing velocity = 4.137e-6 cm/s

The erosion constant was decreased about 10% for the second and 

third run and the limiting shear stress for erosion was increased about 10% 

for the second and the third run. The arguments for these adjustments have 

already been explained above.

Figure 7-6 illustrates the plot’s hydrograph, which is produced by the 

model.
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Figure 7-6. The Hydrograph of the Runoff Plot

Figure 7-7 pictures the changes of the sediment discharge versus time. 

It clearly shows a reduction in the total sediment yield from the plot, when 

the artificial rain simulation is repeated. By comparing Figure 7-7 to Figure

7-6 one can realize that the peak o f the overland flow and the peak o f the 

sediment discharge occur almost at the same time. This can change if the 

size o f the plot becomes larger considerably or the topsoil structure over the
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plot is not homogeneous such that at some regions the erosion process may 

start faster.

250
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Figure 7-7. Sediment discharge vs. time

The simulation results have been presented in Table 7-3. A 

comparison between the collected data and simulated data are shown in 

Table 7-4. The minus sign indicates an underestimation of the model relative 

to the collected data from the runoff plot.

Table 7-4. The results o f the model mns

RUN #1 RUN #2 RUN #3
Sediment yield (kg) 96 47 26
Radioactive yield (kBq) 630 117 98
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Table 7-5. Relative computational error of the model

RUN #1 RUN #2 RUN #3
Sediment yield (kg) -2% -16% -15%
Radioactive yield (kBq) 0% -32% -%19

It can be concluded from the results that in general the model has 

underestimated the sediment and radioactive discharges. The results can be 

drastically improved by fine-tuning the key inputs such as limiting shear 

stress for erosion and erosion constant. For this purpose a thorough and 

comprehensive test ust be conducted on the soil structure and its mechanical 

properties to evaluate the key parameters. In the following section the 

sensitivity o f the model toward certain parameters is discussed.

7.12 Sensitivity Analysis

Sensitivity analysis is performed to show how the model reacts toward 

the changes o f the key parameters. Variations in the value o f different 

parameters have unequal effects on the final result. This model proved to be 

very sensitive in terms o f mechanical properties of the soil such as erosion 

constant, limiting shear stress for erosion and soil roughness coefficient 

(Manning’s coefficient). Other soil parameters such as soil density were also 

among the very important inputs, which can effect the radioactive discharge 

drastically (Figures 7-8 through 7-11). The first module, where the
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hydrodynamic properties o f the system are computed, has the infiltration 

rate, rain duration and intensity as its inputs. The effect of these parameters 

on the plot’s overland flow peak discharge is illustrated in Figure 7-12 

through 7-14. The peak discharge is selected as a representative of the 

hydrodynamic properties o f the plot. An increase in the peak discharge 

implies a growth in the radioactive and sediment yield of the plot.

The graphs indicate that the model is very sensitive toward the 

changes o f the soil roughness (Manning’s coefficient). Figure 7-10 shows 

that a 14% increase in this parameter causes a 100% growth in the sediment 

yield. The effect o f this parameter on the hydrodynamic results (module 1) is 

not as severe. The second most important input is the limiting shear stress 

for erosion. Figure 7-9 suggests that a 10% error in estimating this parameter 

can cause the model to show a 50% reduction in the sediment yield. The 

other sediment-related parameter, which is o f great importance is the erosion 

constant. Figure 7-8 shows that a 10% overestimation o f this parameter will 

cause a 10% increase in the calculation o f the sediment yield. The soil 

density has almost the same but reverse effect on the total radioactive 

(contamination) loss from the plot (Figure 7-11). That means a 10% increase 

in the density o f the topsoil causes a 10% reduction in the total loss, which
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indicates that the heavier soil types (or compact soils) are less likely to be 

affected by erosion-controlled transfer of radionuclides.

Figure 7-12 through 7-14 illustrate the sensitivity o f the first module 

toward rain intensity, rain duration and infiltration rate. A close comparison 

o f the figures suggests that the rain duration is the most important parameter 

in this module. A one-minute increase in the rain duration causes a 14% 

growth in the peak discharge (cm3/s) (Figure 7-13). The rain intensity is the 

second significant input o f this module. The analyses indicated that the peak 

discharge shows a 10% increase, when the rain intensity changes only 4% 

(Figure 7-12). And at last the peak discharge shows a 6% increase, when the 

infiltration rate reduces 10%.
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Figure 7-9. Limiting shear stress vs. solid runoff
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Figure 7-10. Mannings coefficient vs. solid runoff
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Figure 7-11. Soil density vs. total radioactive loss
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R e p ro d u c e d  with pe rm iss ion  of th e  copyright ow ner.  F u r the r  reproduction  prohibited w ithout perm iss ion .



Pe
ak

 
D

isc
ha

rg
e 

(cm
 

/s
)

108

780

760 -

740 -

720 -

700 -

680 -

640 -

620 -

600 -

580
0.0030 0.0035 0.0040 0.0045 0.0050 0.0055 0.0060

Infiltration Rate (cm/s) 

Figure 7-14. Infiltration rate vs. peak runoff discharge
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CHAPTER 8 

CONCLUSIONS AND SUGGESTIONS

8.1 Summery

A mathematical model is developed to predict the sediment/erosion- 

controlled radioactive transport on soil surface. The objective o f this 

research was to depict a more realistic picture o f the radioactive transport 

process on soil surface. To accomplish this goal three modules were coupled 

together:

1- Hydrodynamic module (module 1);

2- Sediment transport module (module 2);

3- Contaminant transport module (module 3).

In the first module the hydrodynamic properties o f  the system 

(velocity in the x-direction and y-direction and the depth o f flow) are 

computed. By averaging the governing equations in the z-direction, the 3D 

equations were transformed to 2D depth-averaged equations. Because the 

overland flow is extremely shallow (1-5 cm), the averaging process does not 

have a considerable effect on the accuracy o f the model. The equations were 

solved using the MacCormack scheme. This scheme is a two-step second 

order (in time and space) explicit finite difference scheme. It is known to
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yield a good prediction at a reasonable computation price [Chapra, 1997; 

Tannehill, 1997].

The second module uses the hydrodynamic properties o f the system, 

which are computed in the first module, to calculate the amount of 

suspended sediment transported by the overland flow. The governing 

equations in this part have also been averaged over the depth. The same 

numerical technique is implemented in this module as well.

The third module computes the amount of radioactive loss due to 

erosion and sedimentation by using the results o f the first and the second 

module. This module is capable o f  computing the dissolved and the 

particulate radioactive transport separately or together.

The model was applied to an experimental runoff plot, which was 

designed and constructed by the Center for Water Resources and 

Environmental Research at the CUNY in Ukraine near the Chernobyl NPP. 

During the one-year cycle o f research at the runoff plot the erosion- 

controlled transfer o f the radionuclides was studied. Four artificial rainfall 

simulations were performed. The amount o f solid and liquid runoff was 

measured after each rainfall. The annual balance o f the soil loss and the 

corresponding amount o f radioactive transfer were calculated. The results of
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the model runs were compared to the actual data and the relative 

computational error was calculated.

Comparison o f the model with the available data indicated that the 

model is able to predict the total radioactive loss from the soil surface with 

satisfactory accuracy. The overall accuracy o f the model can be improved by 

measuring the key parameters in the laboratory or on site precisely.

The focus in this study was more on the erosion process. The 

simplifications and assumptions, which were made here, might not be 

justifiable if  the focus was on other aspects o f this process. This model has 

the capability and the flexibility to be expanded and coupled with a 

subsurface contaminant transport model. This coupling will generate a link 

between the groundwater quality, surface water quality and soil 

contamination.

8.2 Future Prospects

The possibility o f linking this model to GIS should be studied in the 

future. This option will optimize the use of the first module and simplifies 

the application of the model to real watersheds and eliminates the surveying 

and mapping processes. The GIS is also useful for the second module, where 

the spatial distribution o f the soil properties becomes very important.
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Rainfalls with duration more than 10 minutes affect the soil structure 

and the transport mechanisms. The assumptions o f this model may not be 

applicable for such cases. More research and experiments are required to 

make the necessary adjustments in the model for such cases in future.

More complicated sorption processes can be incorporated into this 

model for more accurate results and for contaminants, whose sorption 

process can best be described by non-linear sorption models.

Additional study is needed to develop extra features for the model to 

analyze multi-component systems. In this case only module 3 needs to be 

modified. Because the structure o f the module changes, more efficient 

numerical techniques and algorithm must be applied for more accurate and 

faster computing.

The interaction between the contaminants and soil particles and their 

effect on the sediment-related key parameters like the erosion constant and 

the limiting shear stress for erosion should also be studied.

Developing and adopting a visual interface for the FORTRAN codes 

can improve the data presentation and analysis for more complex systems.
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A P P E N D IX

FORTRAN 90 CODES

! 1 1 1 1 1 1 1 1 1 ! 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 M 1 1 1 1 1 1 1 1 1
I I  ;  I I I I I i ;  j  I i ; ;  ! I I  I I I I I I I  ! I I I  I I M  i ;  ;  I

A F OUR -T IM E-S TEP  NUMERICAL SOLUTION 
FOR A DEPTH-AVERAGED 

2 - D  OVERLAND FLOW 
BY

SIAMAK ESFANDIARY

! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! !  
!  i i i  i i i i i  m  i i t i t t i i i i  i i m  i i i i  i i i i i t t t

i m p l i c i t  n o n e
i n t e g e r  c o u n t ,  m,  n ,  r a i n d u r , k k ,  m a x n o d  l ,  z z  
p a r a m e t e r ( m a x n o d = 1 0 )
i r e a l  a l p h a y ( m a x n o d , m a x n o d ) , a l p h a x ( m a x n o d , m a x n o d )
r e a l  e l e v ( m a x n o d , m a x n o d ) , s O x ( m a x n o d , m a x n o d  s O y ( m a x n o d , m a x n o d ) )
r e a l  h ( m a x n o d , m a x n o d ) , v ( m a x n o d , m a x n o d ) , u ( m a x n o d , m a x n o d )
r e a l  h p ( m a x n o d , m a x n o d ) , v p ( m a x n o d , m a x n o d ) , u p ( m a x n o d , m a x n o d )
r e a l  h e ( m a x n o d , m a x n o d ) , v c ( m a x n o d , m a x n o d ) , u c ( m a x n o d , m a x n o d )
r e a l  h b a r (m a x n o d , m a x n o d ) ,  v b a r (m a x n o d , m a x n o d ) ,  u b a r (m a x n o d , m a x n o d )
r e a l  m o m x ( m a x n o d , m a x n o d ) , m o m y ( m a x n o d , m a x n o d ) , m o m x p ( m a x n o d , m a x n o d )
r e a l  m o m y p ( m a x n o d , m a x n o d ) , m o m x c ( m a x n o d , m a x n o d ) , m o m y c ( m a x n o d , m a x n o d )
r e a l  s f x ( m a x n o d , m a x n o d ) , s f y ( m a x n o d , m a x n o d ) , s f y p ( m a x n o d , m a x n o d )
r e a l  s f x p ( m a x n o d , m a x n o d ) , e p s y l x ( m a x n o d , m a x n o d ) , p a r a x ( m a x n o d , m a x n o d )
r e a l  p a r a y (m a x n o d , m a x n o d ) ,  e p s y l y (m a x n o d , m a x n o d ) ,  v a r (m a x n o d , m a x n o d )
i r e a l  q x ( m a x n o d , m a x n o d ) , q y ( m a x n o d , m a x n o d ) , q t 2 ( m a x n o d , m a x n o d )
r e a l  r a i n ,  i n f i l t ,  m a n n ,  d u r ,  k m a x
r e a l  g ,  n e t ,  h a v g ,  t i m e  , t r

p a r a m e t e r  ( m a n n = 0 . 2 ,  g = 9 8 1 . 0 ,  d e l t = 0 . 0 0 1 ,  d i s c o f = 0 . 6 )
p a r a m e t e r  ( d e l x = 4 0 0 . 0 ,  d e l y = 4 0 0 . 0 ,  m= 6 ,  n = 6 )  
c h a r a c t e r * !  k e y

I II ! 1 II I II I II I I I I I I I II I II
I I I I I I I I I I I I I I I I I I I I I I I I I

OPENING F I L E S

! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! !  
i i i i i i i i i i i i i i i i i i i i i i i i i

!p r i n t * , ' e n t e r  t h e  n u m b e r  o f  r o w s  a n d  c o l o u m n s : '
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! r e a d * , m ,  n

o p e n  ( u n i t = l , f i l e = ' u k r a i n e - c m - 6 . t x t ' , s t a t u s = ' o l d ' ) 
l o p e n  ( u n i t = 2 , f i l e = ' o u t S 0 x . t x t 1 , s t a t u s = ' u n k n o w n ' )  
l o p e n  ( u n i t = 3 , f i l e = ' o u t S 0 y . t x t '  , s t a t u s = ' u n k n o v m ' )  
o p e n  ( u n i t = 4 , f i l e = ' o u t p t h . t x t '  , s t a t u s = ' u n k n o v m ' )  
o p e n  ( u n i t = 4 1 , f i l e = ' o u t h b a r . t x t 1 , s t a t u s = ' u n k n o w n ' ) 
o p e n  ( u n i t = 4 2 , f i l e = ' o u t h b a r - 2 . t x t '  , s t a t u s = ' u n k n o w n ’ ) 
l o p e n  ( u n i t = S , f i l e = ' o u t p t v . t x t '  , s t a t u s = ' u n k n o w n ' )  
o p e n  ( u n i t = 5 1 , f i l e = ' o u t v b a r . t x t '  , s t a t u s = ' u n k n o w n ' )  
o p e n  ( u n i t = 5 2 , f i l e = ' o u t v b a r - 2 . t x t ' , s t a t u s = ' u n k n o w n ' )
1 o p e n  ( u n i t = 6 , f i l e = ' o u t p t u . t x t ' , s t a t u s = ' u n k n o w n ' )  
o p e n  ( u n i t = 6 1 , f i l e = ' o u t u b a r . t x t '  , s t a t u s = ' u n k n o w n ' )  
o p e n  ( u n i t = 6 2 , f i l e = ' o u t u b a r - 2 . t x t ' , s t a t u s = ' u n k n o w n ' ) 
o p e n  ( u n i t = 7 1 , f i l e = ' h y d r o g r p h . t x t ' , s t a t u s = ’u n k n o w n ' )  
o p e n ( u n i t = 1 0 0 , f i l e = ' a r t - t e s t . t x t ’ , s t a t u s = ' u n k n o w n ’ )

r e a d  ( 1 , * )  ( ( e l e v ( i , j ) , j = l , n ) , i = l , m )  
p r i n t * , ' r a i n  i n t e n s i t y  
r e a d * , r a i n

d u r = 4 0 0 0 0 0 0 . 0  
i n f i l t = 0 . 0 0 6  
r a i n d u r = 3 6 0 0 0 0  
t r = i n t ( r a i n d u r / 6 0 0 0 0 . 0 )

w r i t e ( 4 , 1 0 3 0 0 ) r a i n , i n f i l t , t r

d t d x = d e l t / d e l x
d t d y = d e l t / d e l y

p r i n t * , ' D o  y o u  w a n t  t h e  a r t i f i c i a l  v i s c o s i t y  t o  b e  p e r f o r m e d ? ( y / n ) ' 
r e a d * , KEY
p r i n t * , ' P l e a s e  w a i t '  
p r i n t  1 0 5 0 0  
p r i n t  1 0 6 0 0  
w r i t e ( 7 1 , 1 0 5 0 0 )

j  i i i i i  ;  ;  i j  i ! i i i t i m  i i i  i i i 

i i i i i i i i i i i i i i i i i i i t i i i i i

COMPUTING SLOPES (SO)

1 1 1 1 ! 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
i i i i i i i i i i i i i i i i i i i i i i i i i

d o  8 0  i = l , m - l  
d o  7 0  j = l , n

s 0 x ( i ,  j ) = - ( e l e v ( i + l , j ) - e l e v ( i , j ) ) / d e l x  
s 0 x ( m , j ) = s 0 x ( m - l , j )
! a l p h a x ( i , j ) = d a s i n d ( S 0 x ( i ,  j ) )

7 0  c o n t i n u e  
8 0  c o n t i n u e
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d o  1 0 0  i = l , m
d o  90  j = l , n - l

s O y ( i , j ) = - ( e l e v ( i , j + 1 ) - e l e v ( i , j ) ) / d e l y  
s O y ( i , n ) = s 0 y ( i , n - l )  
l a l p h a y ( i , j ) = d a s i n d ( S 0 y  ( i , j ) )

9 0  c o n t i n u e  
1 0 0  c o n t i n u e

I w r i t e ( 2 , 1 0 0 0 0 ) ( ( S 0 x ( i , j ) , j = l , n - l ) , i = l , m )  
! w r i t e ( 2 , 1 0 0 0 0 ) ( ( a l p h a x ( i , j ) , j = l , n - l ) , i = l , m )  
I w r i t e ( 3 , 1 0 1 0 0 ) ( ( S 0 y ( i , j ) , j = l , n ) , i = l , m - l )  
I w r i t e ( 3 , 1 0 1 0 0 ) ( ( a l p h a y ( i , j ) , j = l , n ) , i = l , m - l )

I I I I 11 I I I I I I I 11 1 11 1 1 1 1 1 I 
I I I I I I I I I I I I I I I I ! I I I I I I I 
I I I I
I I I N I T I A L  CONDITIONS I I 
ii it
I I I I I I I I I I I I I 1 ! I I I I I I I I I 
I I ! ! I I I I I I I I I I ! I I I I I I I I I

d o  2 9 0  i = l , m  
d o  2 8 0  j = l , n

h ( i , j ) = 0 . 0 2  
v ( i , j ) = 0  . 0  
u ( i , j ) = 0 . 0  
m o m x ( i , j ) = 0 . 0  
m o m y ( i , j ) = 0 . 0  
s f x ( i , j ) = 0 . 0  
s f y ( i , j ) = 0 . 0

2 8 0  c o n t i n u e  
2 9 0  c o n t i n u e

c o u n t =0

I I I I 1111 111 1 1 1 1 1 1 1 1  1 1 1 ! 111111
i i i i i i i i i i i i i i i i i i i iiiiiiit i i

F I N I T E  DIFFERENCE 
COMPUTATIONS

I I I I I I I I I I I I I I I I I 1 1 I I I I I 1 
i i i t i i i i i i i i i i i i i i i i i  i i i  i

k m a x = d u r / d e l t  

d o  5 0 0 0  k = 1 , k m a x

i f  ( k . e q . r a i n d u r )  r a i n = 0  

n e t = ( r a i n - i n f i l t )
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j  m  i ;  i m  ;  j  i m

i i i i i i i i i i i i i

COUNT=0

j j i i j ; i i i j j ;  i 
i i i i i i i i i i i i i

! c o u n t =0 
! t i m e  s t e p = k  
! p r e d i c t i o n  s t e p  
! b o u n d a r y  o n  i = l  
! d o  j  = 2 , n

i f  ( c o u n t . e q . O )  t h e n

d o  3 0 0  j = 2 , n

h p ( l , j ) = h ( l , j ) - ( d t d x ) * ( m o m x ( l , j ) + m o m x ( 2 , j ) ) &
- ( d t d y ) * ( m o m y( 1 , j ) - m o m y ( 1 , j - 1 ) ) + d e l t * n e t

m o m y p ( l , j ) = m o m y( 1 , j ) - ( d t d x ) * ( u ( l , j ) * v ( l , j ) * h ( l , j ) + u ( 2 , j ) * v ( 2 ,  j )& 
* h ( 2 , j ) ) - ( d t d y ) * ( ( v ( l , j ) * * 2 ) * h ( l , j ) + 0 . 5 * g * ( h ( l , j ) * * 2 ) - ( v ( l , j - 1 ) & 
* * 2 ) * h ( l , j - 1 ) - 0 . 5 * g * ( h ( l , j - 1 ) * * 2 ) ) + g * h ( l , j ) M e l t * ( s O y ( 1 , j ) -  

s f y ( l , j ) )

u p ( l , j ) =  0 . 0
vp (1 , j ) =momyp (1 , j ) /hp (1 , j )

! v p ( 1 , j ) = 0 . 0

3 0 0  c o n t i n u e

! c o u n t =0  
! p r e d i c t i o n  s t e p  
! b o u n d a r y  o n  j = l  
! d o  i = 2 , m

d o  3 1 0  i = 2 , m

h p ( i f 1 ) = h ( i , l ) - ( d t d x ) * ( m o m x ( i , 1 ) - m o m x ( i - l , 1 ) ) &
- ( d t d y ) * ( m o m y ( i , 1 ) + m o m y ( i , 2 ) ) + d e l t * n e t

m o m x p ( i , 1 ) = m o m x ( i , 1 ) - ( d t d x ) * ( ( u ( i , 1 ) * * 2 ) * h ( i , l ) + 0 . 5 * g * ( h ( i , l ) * * 2 ) - &  
( u ( i - l , l ) * * 2 ) * h ( i - l , l ) - 0 . 5 * g * ( h ( i - l , l ) * * 2 ) ) - ( d t d y ) * ( u ( i , 1 ) * v ( i , 1 ) &  
* h ( i , 1 ) + u ( i , 2 ) * v ( i , 2 ) * h ( i , 2 ) ) + g * h ( i , 1 ) * d e l t * ( s 0 x ( i , 1 ) - s f x ( i , 1 ) )

u p  ( i ,  1)  =momxp ( i ,  1 )  / h p ( i ,  1 )
! u p  ( i ,  1)  =0  . 0  

v p  ( i ,  1)  =0 . 0

3 1 0  c o n t i n u e

i i i i i i i i i i i i i i i i i i i i i i i i i i i i i

I p o i n t  ( 1 , 1 )

h p  ( 1 , 1 )  = ( h p  ( l ,  2 )  + h p ( 2 , 1 ) )  / 2 . 0
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v p ( 1 , 1 ) = ( v p ( 1 , 2 )  + v p ( 2 , l ) ) / 2 . 0  
u p ( l , l ) = ( u p ( l , 2 )  + u p ( 2 , 1 ) ) / 2 . 0

! c o u n t =0 
! t i m e  s t e p  k  
! p r e d i c t i o n  s t e p  
! d o  i = 2 , m 
! d o  j  = 2 , n

d o  3 3 0  i = 2 , m
d o  3 2 0  j = 2 , n

h p ( i ,  j ) = h ( i ,  j ) - ( d t d x ) * ( m o m x ( i , j ) - m o m x ( i - l , j ) )&
- ( d t d y ) * ( m o m y ( i , j ) - m o m y ( i , j - 1 ) ) + d e l t * n e t

m o m x p ( i , j ) = m o m x ( i , j ) - ( d t d x ) * ( ( u ( i , j ) * * 2 ) * h ( i , j ) + 0 . 5 * g * ( h ( i , j ) * * 2 ) - &  
u ( i - l , j ) * * 2 ) * h ( i - l , j ) - 0 . 5 * g * ( h ( i - l , j ) * * 2 ) ) - ( d t d y ) * ( u ( i , j ) * v ( i , j )& 
* h ( i , j ) - u ( i , j - l ) * v ( i , j - l ) * h ( i , j - l ) ) + g * h ( i , j ) * d e l t * ( s 0 x ( i , j ) - &  
s f x ( i , j ) )

m o m y p ( i , j ) = m o m y ( i , j ) - ( d t d x ) * ( u ( i , j ) * v ( i , j ) * h ( i , j ) - u ( i - l , j ) * v ( i - l , j ) &  
* h ( i - l , j ) ) - ( d t d y ) * ( ( v ( i , j ) * * 2 ) * h ( i , j ) + 0 . 5 * g * ( h ( i , j ) * * 2 ) - ( v ( i , j - l ) &  
* * 2 ) * h ( i , j - l ) - 0 . 5 * g * ( h ( i , j - 1 ) * * 2 ) ) + g * h ( i , j ) * d e l t * ( s 0 y ( i , j ) - s f y ( i , j ) )

u p  ( i , j ) =momxp ( i , j ) / h p  ( i , j ) 
v p  ( i , j ) =momyp ( i , j ) / h p  ( i , j )

3 2 0  c o n t i n u e  
3 3 0  c o n t i n u e

d o  3 3 6  i = l , m  
d o  3 3 5  j = l , n

s f x p ( i , j ) = ( m a n n * * 2 ) * u p ( i , j ) * s q r t ( u p ( i , j ) * * 2 + v p ( i , j ) * * 2 ) &  
/ ( h p  ( i ,  j ) * * ( 1 . 3 3 ) )  

s f y p ( i , j ) = ( m a n n * * 2 ) * v p ( i , j ) * s q r t ( u p ( i , j ) * * 2 + v p ( i , j ) * * 2 ) &  
/ ( h p ( i , j ) * * ( 1 . 3 3 ) )

3 3 5  c o n t i n u e  
3 3 6  c o n t i n u e

! c o u n t =0 
! t i m e  s t e p = k  
! c o r r e c t i o n  s t e p  
! d o  i = l , m - 1  
! d o  j = l , n - l

d o  3 5 0  i = l , m - l
d o  3 4 0  j = l , n - l

h e ( i ,  j ) = h ( i ,  j ) - ( d t d x ) * ( m o m x p ( i + 1 , j ) - m o m x p ( i , j ) ) &  
- ( d t d y ) * ( m o m y p ( i , j + 1 ) - m o m y p ( i , j ) ) + d e l t * n e t
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m o m x c ( i , j ) = m o m x ( i , j ) - ( d t d x ) * ( ( u p ( i + 1 , j ) * * 2 ) * h p ( i + 1 , j ) + 0 . 5 * g* &  
( h p ( i + 1 , j ) * * 2 ) - ( u p ( i , j ) * * 2 ) * h p ( i , j ) - 0 . 5 * g * ( h p ( i , j ) * * 2 ) ) - ( d t d y )  & 
* ( u p ( i , j + 1 ) * v p ( i , j + 1 ) * h p ( i , j + 1 ) - u p ( i , j ) * v p ( i , j ) * h p ( i , j ) ) + &  
g * h p ( i , j ) * d e l t * ( s 0 x ( i , j ) - s f x p ( i , j ) )

m o m y c ( i , j ) = m o m y ( i , j ) - ( d t d x ) * ( u p ( i + 1 , j ) * v p ( i + 1 , j ) * h p ( i + 1 , j )& 
- u p ( i , j ) * v p ( i , j ) * h p ( i , j ) ) - ( d t d y ) * ( ( v p ( i , j + 1 ) * * 2 ) * h p ( i , j + 1 ) + 0 . 5& 
* g * ( h p ( i , j + 1 ) * * 2 ) - ( v p ( i , j ) * * 2 ) * h p ( i , j ) - 0 . 5 * g * ( h p ( i , j ) * * 2 ) ) +g*& 
h p ( i , j ) * d e l t * ( s O y ( i , j ) - s f y p ( i , j ) )

u c ( i , j ) = m o m x c ( i , j ) / h e ( i , j ) 
v c ( i , j ) = m o m y c ( i , j ) / h e ( i , j )

3 4 0  c o n t i n u e  
3 5 0  c o n t i n u e

! c o u n t =0 
! t i m e  s t e p = k  
! c o r r e c t i o n  s t e p  
! b o u n d a r y  o n  i = m  
! d o  j = l , n - 1

d o  3 6 0  j = l , n - l

! q x ( m , j ) = u p ( m - l , j ) * h p ( m - l , j )
! q y ( m , j ) = v p ( m - l , j ) * h p ( m - l , j )
! q t 2 ( m , j ) = ( ( q x ( m , j ) * * 2 )  + ( q y  (m, j ) * * 2 ) )  
! h c ( m ,  j ) = ( q t 2  (m, j ) / g )  **  ( 1 . 0 / 3 . 0 )  
h c ( m , j ) = h c ( m - l , j )  
v c ( m , j ) = v c ( m - l , j )  
u c ( m , j ) = u c ( m - l , j )

3 6 0  c o n t i n u e

! c o u n t =0 
! t i m e  s t e p = k  
! c o r r e c t i o n  s t e p  
! b o u n d a r y  o n  j = n  
! d o  i = l , m - l

d o  3 7 0  i = l , m - l

h c ( i , n ) = h ( i , n ) - ( d t d x ) * ( m o m x p ( i + 1 , n ) - m o m x p ( i , n ) )&
- ( d t d y ) * ( m o m y p ( i , n - l ) + m o m y p ( i , n ) ) + d e l t * n e t

m o m x c ( i , n ) = m o m x ( i , n ) - ( d t d x ) * ( ( u p ( i + 1 , n ) * * 2 ) * h p ( i + l , n ) +&
0 . 5 * g * ( h p ( i + l , n ) * * 2 ) - ( u p ( i , n ) * * 2 ) * h p ( i , n ) - 0 . 5 * g * ( h p ( i , n ) * * 2 ) &  
) - ( d t d y ) * ( u p ( i , n - 1 ) * v p ( i , n - l ) * h p ( i , n - l ) + u p ( i , n ) * v p ( i , n ) *& 
+ h p ( i , n ) ) g * h p ( i , n ) * d e l t * ( s 0 x ( i , n ) - s f x p ( i , n ) )

u c ( i , n ) = m o m x c ( i , n ) / h e ( i , n )
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! u c ( i , n ) = 0 . 0  
v c ( i , n ) = 0 . 0

3 7 0  c o n t i n u e

I 1 I I I I I I I I I I I I I I I I I  I I M  I I I  I I I I I I I

!p o i n t ( m , n )

h e ( m , n ) = ( h e ( m , n - l ) + h c ( m - l , n ) ) / 2 . 0  
v c ( m , n ) = ( v c ( m , n - l ) + v c ( m - l , n ) ) / 2 . o 
u c ( m , n >  = ( u c ( m , n - l ) + u c ( m - l , n ) ) / 2 . 0

END OF COUNT=0
!  I j  I m  i i m  i i m  j  i i m  j  j  i  j  j ;  m  i i i  i i  j  i 

m  j  m  i i i i i i i i  i i i i i i i i  i i  i i i i  i i  i i i  i i

I I I I I I I I I  I I !  I I I I  

I I II I I I I II I I I I II 
I I I
! COUNT=l ! !
i i I
i i  i i i i i i i i j  i i i i i

i i i i i i i i i i i i i i i i

! c o u n t =1  
! t i m e  s t e p  k + 1  
! p r e d i c t i o n  s t e p

e l s e i f ( c o u n t . e q . l )  t h e n

d o  4 1 0  i = l , m - l  
d o  4 0 0  j = l , n - l

h p ( i , j ) = h ( i , j ) - ( d t d x ) * ( m o m x ( i + l , j ) - m o m x ( i , j ) )&
- ( d t d y ) * ( m o m y ( i , j + 1 ) - m o m y ( i , j ) ) + d e l t * n e t

m o m x p ( i , j ) = m o m x ( i , j ) - ( d t d x ) * ( ( u ( i + l , j ) * * 2 ) * h ( i + l , j )&
+ 0 . 5 * g * ( h ( i + l , j ) * * 2 ) - ( u ( i , j ) * * 2 ) * h ( i , j ) - 0 . 5 * g * ( h ( i , j ) * * 2 ) ) &
- ( d t d y ) * ( u ( i , j + 1 ) * v ( i , j + 1 ) * h ( i , j + 1 ) - u ( i , j ) * v ( i , j ) * h ( i , j ) ) &  
+ g * h ( i , j ) * d e l t * ( s 0 x ( i , j ) - s f x ( i , j ) )

m o m y p ( i , j ) = m o m y ( i , j ) - ( d t d x ) * ( u ( i + l , j ) * v ( i + l , j ) * h ( i + l , j ) - u ( i , j )& 
* v ( i , j ) * h ( i , j ) ) ( d t d y ) * ( ( v ( i , j + 1 ) * * 2 ) * h ( i , j + 1 ) + 0 . 5 * g * ( h ( i , j + 1 ) **& 
2 ) - ( v ( i , j ) * * 2 ) * h ( i , j ) - 0 . 5 * g * ( h ( i , j ) * * 2 ) ) + g * h ( i , j )&
* d e l t * ( s O y ( i , j ) - s f y ( i , j ) )

u p  ( i , j ) = m o m x p ( i , j ) / h p ( i , j ) 
v p ( i , j ) = m o m y p ( i , j ) / h p ( i , j )

4 0 0  c o n t i n u e  
4 1 0  c o n t i n u e

1 c o u n t =1  
! t i m e  s t e p = k + l

i i i i i i i i t i i i i i i i i  i i i i i i i i i i i i i i  i i i i i•  • • • ■ • • • • • • • • • • • • ■ • • • • • • • • • • • • • • • • I *

I I I I I  I I t I I t I I I I I I f I I  J  1  I I  I I  I f I I  I I I I I I
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! p r e d i c t i o n  s t e p  
! b o u n d a r y  o n  j = n  
1 d o  i = l , m - l

d o  4 2 0  i = l , m - l

h p ( i , n ) = h ( i , n )  - ( d t d x ) * ( m o m x ( i + l , n ) - m o m x ( i , n ) )&
- ( d t d y ) * ( m o m y ( i , n - 1 ) + m o m y ( i , n ) ) + d e l t * n e t

m o m x p ( i , n ) = m o m x ( i , n ) - ( d t d x ) * ( ( u ( i + l , n ) * * 2 ) * h ( i + l , n ) + 0 . 5 * g &
* ( h ( i + l , n ) * * 2 ) - ( u ( i , n ) * * 2 ) * h ( i , n ) - 0 . 5 * g * ( h ( i , n ) * * 2 ) ) - ( d t d y ) & 
* ( u ( i , n - l ) * v ( i , n - l ) * h ( i , n - l ) + u ( i , n ) * v ( i , n ) * h ( i , n ) )&
+ g * h ( i , n ) * d e l t * ( s 0 x ( i , n ) - s f x ( i , n ) )

u p  ( i , n ) = m o m x p ( i , n ) / h p ( i , n )
! u p ( i , n ) = 0 . 0  

v p ( i , n ) = 0 . 0

4 2 0  c o n t i n u e

! c o u n t =1  
! t i m e  s t e p = k + l  
! p r e d i c t i o n  s t e p  
! b o u n d a r y  o n  i = m  
! d o  j = l , n - 1

d o  4 3 0  j = l , n - l

! q x ( m ,  j ) = u p  ( m - 1 , j ) * h p  ( m - 1 , j )
! q y  (m, j ) = v p  ( m - 1 ,  j ) * h p ( m - l ,  j  )
! q t 2  (m, j  ) = ( ( q x ( m ,  j ) * * 2 )  + ( q y  (m, j ) * * 2 ) )
! h p  (m, j ) = ( q t 2  (m, j ) / g )  **  ( 1 . 0 / 3  . 0 )  

h p ( m ,  j ) = h p ( m - l ,  j )  
v p  (m, j ) = v p  ( m - 1 ,  j ) 
u p ( m , j ) = u p ( m - l , j )

4 3 0  c o n t i n u e

! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! !
! ! ! ! ! p o i n t ( m , n )

h p ( m , n ) = ( h p ( m - l , n ) + h p ( m , n - l ) ) / 2 . 0  
v p ( m , n ) = ( v p ( m - l , n ) + v p ( m , n - l ) ) / 2 . 0  
u p ( m , n ) = ( u p ( m - l , n ) + u p ( m , n - l ) ) / 2 . 0

d o  4 3 6  i = l , m  
d o  4 3 5  j = l , n

s f x p ( i , j ) = ( m a n n * * 2 ) * u p ( i , j ) * s q r t ( u p ( i , j ) * * 2 + v p ( i , j ) * * 2 ) &  
/  ( h p  ( i ,  j ) * * ( 1 . 3 3 ) )  

s f y p  ( i ,  j ) = ( m a n n * * 2 ) * v p ( i , j ) * s q r t ( u p ( i , j ) * * 2 + v p ( i , j ) * * 2 ) &  
/  ( h p  ( i ,  j ) * * ( 1 . 3 3 ) )

4 3 5  c o n t i n u e  
4 3 6  c o n t i n u e
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! c o u n t =1 
! t i m e  s t e p = k + l  
! c o r r e c t i o n  s t e p  
! b o u n d a r y  o n  i = l  
! d o  j  = 2 ,  n

d o  4 4 0  j = 2 , n

h c ( l , j ) = h ( l , j ) - ( d t d x ) * ( m o m x p ( 1 , j ) + m o m x p ( 2 , j ) ) &
-  ( d t d y )  * ( m o m y p d ,  j )  - m o m y p ( l ,  j - 1 ) ) + d e l t * n e t

m o m y c ( 1 , j ) = m o m y ( 1 , j ) -  
( d t d x ) * ( u p ( l , j ) * v p ( l , j ) * h p ( l , j ) + u p ( 2 , j ) * v p ( 2 , j ) &

* h p ( 2 ,  j ) ) - ( d t d y ) * ( ( v p ( l , j ) * * 2 ) * h p ( l , j ) + 0 . 5 * g * ( h p ( 1 , j ) * * 2 ) - ( v p ( l , j -
1 ) &

* * 2 ) * h p ( l , j - 1 ) - 0 . 5 * g * ( h p ( l , j - 1 ) * * 2 ) ) + g * h p ( l , j ) * d e l t * ( s O y ( 1 , j ) -  
s f y p d ,  j ) )

u c ( 1 , j ) = 0 . 0
v c ( 1 , j ) = m o m y c ( 1 , j ) / h e ( 1 ,  j )
! v c ( 1 , j ) = 0 . 0

4 4 0  c o n t i n u e

! c o u n t = l  
! t i m e  s t e p = k + l  
! c o r r e c t i o n  s t e p  
! b o u n d a r y  o n  j = l  
! d o  i = 2 , m

d o  4 5 0  i = 2 , m

h e  ( i , l ) = h ( i , 1 ) -  ( d t d x )  * ( m o m x p ( i ,  1)  - m o m x p ( i - 1 , 1 ) )  &
-  ( d t d y )  * ( m o m y p d ,  1 )  + m o m y p ( i , 2 ) ) + d e l t * n e t

m o m x c ( i , 1 ) = m o m x ( i , 1)  -  
( d t d x ) * ( ( u p ( i , 1 ) * * 2 ) * h p ( i , 1 ) + 0 . 5 * g * ( h p ( i , 1 ) * * 2 ) - &  

( u p ( i - l , l ) * * 2 ) * h p ( i - l , l ) - 0 . 5 * g * ( h p ( i - l , l ) * * 2 ) ) -  
( d t d y ) * ( u p ( i , l ) * v p ( i , l ) &

* h p ( i , 1 ) + u p ( i , 2 ) * v p ( i , 2 ) * h p ( i , 2 ) ) + g * h p ( i , 1 ) * d e l t * ( s 0 x ( i , 1 ) -  
s f x p ( i , 1 ) )

u c  ( i ,  l )  =momxc ( i ,  1 )  / h e  ( i ,  1)
! u c ( i , 1 ) = 0 . 0  

v c ( i , 1 ) = 0  . 0

l e n d i f

4 5 0  c o n t i n u e

! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! !
!p o i n t ( 1 , 1 )

h e  ( 1 , 1 )  = ( h e  ( 1 , 2 )  + h e  ( 2 , 1 ) )  / 2  . 0  
v c ( l , l ) = ( v c ( l , 2 )  + v c ( 2 , l ) ) / 2 . 0  
u c ( l , l ) = ( u c ( l , 2 )  + u c ( 2 , l ) ) / 2 . 0
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! c o u n t =1 
! t i m e  s t e p = k + l  
! c o r r e c t i o n  s t e p

d o  4 7 0  i = 2 , m  
d o  4 6 0  j = 2 , n

h c ( i , j ) = h ( i , j ) - ( d t d x ) * ( m o m x p ( i , j ) - m o m x p ( i - 1 , j ) ) &
- ( d t d y ) * ( m o m y p ( i , j ) - m o m y p ( i , j - 1 ) ) + d e l t * n e t

m o m x c ( i , j ) =m om x( i , j ) - ( d t d x ) * ( ( u p  {i , j ) * * 2 ) * h p ( i , j ) + 0 . 5 *g * &
( h p ( i , j ) * * 2 ) - ( u p ( i - 1 , j ) * * 2 ) * h p ( i - l , j ) - 0 . 5 * g * ( h p ( i - l , j ) * * 2 ) ) &

- ( d t d y ) * ( u p ( i , j ) * v p ( i , j ) * h p ( i , j ) - u p ( i , j - 1 ) * v p ( i , j - 1 ) * h p ( i , j - 1 ) ) &  
+ g * h p ( i , j ) * d e l t * ( s 0 x ( i , j ) - s f x p ( i , j ) )

m o m y c ( i , j ) = m o m y ( i , j ) - ( d t d x ) * ( u p ( i , j ) * v p ( i , j ) * h p ( i , j ) - u p &
( i - 1 , j ) * v p ( i - l , j ) * h p ( i - l , j ) ) - ( d t d y ) * ( ( v p ( i , j ) * * 2 ) * h p ( i , j ) &

+ 0 . 5 * g * ( h p ( i , j ) * * 2 ) - ( v p ( i , j - 1 ) * * 2 ) * h p ( i , j - 1 ) - 0 . 5 * g * ( h p ( i , j -  
1 ) * * 2 ) ) &

+ g * h p ( i , j ) * d e l t * ( s 0 y ( i , j ) - s f y p ( i , j ) )

u c ( i , j ) = m o m x c ( i , j ) / h c ( i , j )  
v c ( i , j ) = m o m y c ( i , j ) / h e ( i , j )

4 6 0  c o n t i n u e  
4 7 0  c o n t i n u e

! END OF COUNT=l

i j j j j i m i m j i 
i i i i  i i i i i i i i i

COUNT=2 

i !  i i i i i  i i i i i i

i i i i t i i i i i i i i

! c o u n t = 2  
! t i m e  s t e p = k + 2  
! p r e d i c t i o n  s t e p  
! b o u n d a r y  o n  i = l  
! d o  j = l , n - l

e l s e i f  ( c o u n t . e q . 2 )  t h e n

d o  5 0 0  j = l , n - l

h p ( l , j ) = h ( l , j ) - ( d t d x ) * ( m o m x ( l , j ) +m om x( 2 ,  j ) )  &
- ( d t d y ) * ( m o m y ( 1 , j + 1 ) - m o m y ( l , j ) ) + d e l t * n e t

m o m y p d ,  j ) = m o m y ( l ,  j )  -  ( d t d x )  * ( u ( l ,  j ) * v ( l ,  j ) * h ( l ,  j ) + u ( 2 ,  j ) * v ( 2 ,  j ) & 
* h ( 2 , j ) ) - ( d t d y ) * ( ( v ( l , j + 1 ) * * 2 ) * h ( l , j + 1 ) + 0 . 5 * g * ( h ( l , j + 1 ) * * 2 ) - ( v ( l , j )& 
* * 2 ) * h ( l ,  j ) - 0 . 5 * g * ( h ( l , j ) * * 2 ) ) + g * h ( l , j ) * d e l t * ( s O y ( 1 , j ) - s f y ( l , j ) )
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u p ( l , j ) = 0 . 0
v p ( l , j ) = m o m y p ( l , j ) / h p ( l , j )
! v p ( 1 , j ) = 0 . 0

5 0 0  c o n t i n u e

! c o u n t =2 
! t i m e  s t e p  k+ 2  
! p r e d i c t i o n  s t e p  
d o  5 2 0  i = 2 , m

d o  5 1 0  j = l , n - l

h p ( i , j ) = h ( i , j ) - ( d t d x ) * ( m o m x ( i , j ) - m o m x ( i - l ,  j ) ) &

- ( d t d y ) * ( m o m y ( i , j + 1 ) - m o m y ( i , j ) ) + d e l t * n e t

m o m x p ( i , j ) = m o m x ( i , j ) - ( d t d x ) * ( ( u ( i , j ) * * 2 ) * h ( i , j ) + 0 . 5 * g * &  
( h ( i , j ) * * 2 ) - ( u ( i - l , j ) * * 2 ) * h ( i - l , j ) - 0 . 5 * g * ( h ( i - l , j ) * * 2 ) ) &

- ( d t d y ) * ( u ( i , j + 1 ) * v ( i , j + 1 ) * h ( i , j + 1 ) - u ( i , j ) * v ( i , j ) * h ( i , j ) ) &  
+ g * h ( i , j ) * d e l t * ( s O x ( i , j ) - s f x ( i , j ) )

m o m y p ( i , j ) = m o m y ( i , j ) - ( d t d x ) * ( u ( i , j ) * v ( i , j ) * h ( i , j ) - u ( i - l , j ) & 
* v ( i - l , j ) * h ( i - l , j ) ) - ( d t d y ) * ( ( v ( i , j + 1 ) * * 2 ) * h ( i , j + 1 ) +&
0 . 5 * g * ( h ( i , j + 1 ) * * 2 ) - ( v ( i , j ) * * 2 ) * h ( i , j ) - 0 . 5 * g * ( h ( i , j ) * * 2 ) ) &  
+ g * h ( i , j ) * d e l t * ( s 0 y ( i , j ) - s f y ( i , j ) )

u p ( i , j ) = m o m x p ( i , j ) / h p ( i , j ) 
v p ( i ,  j ) = m o m y p ( i ,  j ) / h p ( i ,  j )

5 1 0  c o n t i n u e  
5 2 0  c o n t i n u e

1 c o u n t = 2  
! t i m e  s t e p =  k + l  
! p r e d i c t i o n  s t e p  
1 b o u n d a r y  o n  j = n  
! d o  i = 2 , m

d o  5 3 0  i = 2 , m

h p ( i , n )  = h ( i , n )  -  ( d t d x )  * ( m o m x ( i , n )  - m o m x ( i - l , n ) ) &
- ( d t d y ) * ( m o m y ( i , n - l ) + m o m y ( i , n ) ) + d e l t * n e t

m o m x p ( i , n ) = m o m x ( i , n ) - ( d t d x ) * ( ( u ( i , n ) * * 2 ) * h ( i , n ) + 0 . 5*g&
* ( h ( i , n ) * * 2 ) - ( u ( i - l , n ) * * 2 ) * h ( i - l , n ) - 0 . 5 * g * ( h ( i - l , n ) * * 2 ) ) &
- ( d t d y ) * ( u ( i , n - l ) * v ( i , n - l ) * h ( i , n - l ) + u ( i , n ) * v ( i , n ) * h ( i , n ) )& 
+ g * h ( i , n ) * d e l t * ( s 0 x ( i , n ) - s f x ( i , n ) )

u p ( i , n ) = m o m x p ( i , n ) / h p ( i , n )
! u p ( i , n ) = 0 . 0  

v p ( i , n ) = 0 . 0

5 3 0  c o n t i n u e

! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! !
!p o i n t ( l , n )
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h p  ( 1 ,  n )  = ( h p  ( 1 ,  n - 1 )  + h p  ( 2 ,  n )  ) / 2 . 0  
v p  ( l ,  n )  = ( v p ( 1 , n - 1 )  + v p ( 2 , n )  ) / 2 . 0  
u p  ( 1 ,  n )  = ( u p  ( 1 ,  n - 1 )  + u p  ( 2 ,  n ) ) / 2  . 0

d o  5 3 6  i = l , m  
d o  5 3 5  j = l ,  n

s f x p ( i , j ) = ( m a n n * * 2 ) * u p ( i , j ) * s q r t ( u p ( i , j ) * * 2 + v p ( i ,  j ) * * 2 ) &
/ ( h p ( i , j ) * * ( 1 . 3 3 ) )  

s f y p ( i , j ) = ( m a n n * * 2 ) * v p ( i , j ) * s q r t ( u p ( i , j ) * * 2 + v p ( i , j ) * * 2 ) &
/ ( h p ( i , j ) * * ( 1 . 3 3 ) )

5 3 5  c o n t i n u e  
5 3 6  c o n t i n u e

! c o u n t = 2  
! t i m e  s t e p = k + 2  
! b o u n d a r y  o n  j = l  
! c o r r e c t i o n  s t e p  
! d o  i = l , m - l

d o  5 4 0  i = l , m - l

h c ( i , l ) = h ( i , 1 ) - ( d t d x ) * ( m o m x p ( i + 1 , 1 ) - m o m x p ( i , l ) )&
-  ( d t d y )  * ( m o m y p ( i ,  1)  + m o m y p ( i , 2 ) )  + d e l t * n e t

m o m x c ( i , 1 ) = m o m x ( i , 1 ) - ( d t d x ) * ( ( u p ( i + l , 1 ) * * 2 ) * h p ( i + l , 1 ) &
+ 0 . 5 * g * ( h p ( i + l , 1 ) * * 2 ) - ( u p ( i , 1 ) * * 2 ) * h p ( i , 1 ) - 0 . 5 * g * ( h p ( i , 1 ) * * 2 ) ) &  
- ( d t d y ) * ( u p ( i , 1 ) * v p ( i , l ) * h p ( i , 1 ) + u p ( i , 2 ) * v p ( i , 2 ) * h p ( i , 2 ) )& 
+ g * h p ( i , 1 ) * d e l t * ( s 0 x ( i , 1 ) - s f x p ( i , l ) )

u c  ( i ,  1 )  =momxc ( i ,  1)  / h e  ( i ,  1)
! u c ( i , 1 ) = 0 . 0  

v c ( i , 1 ) = 0 . 0

5 4 0  c o n t i n u e

! c o u n t = 2  
! t i m e  s t e p = k + 2  
! c o r r e c t i o n  s t e p

d o  5 6 0  i = l , m - l  
d o  5 5 0  j = 2 , n

h e ( i , j ) = h ( i , j ) - ( d t d x ) * ( m o m x p ( i + 1 , j ) - m o m x p ( i , j ) ) &
- ( d t d y ) * ( m o m y p ( i , j ) - m o m y p ( i , j - 1 ) ) + d e l t * n e t

m o m x c ( i , j ) = m o m x ( i , j ) - ( d t d x ) * ( ( u p ( i + 1 , j ) * * 2 ) * h p ( i + l , j )+&
0 . 5 * g * ( h p ( i + l , j ) * * 2 ) - ( u p ( i , j ) * * 2 ) * h p ( i , j ) - 0 . 5 * g * ( h p ( i , j ) * * 2 ) ) &  

- ( d t d y ) * ( u p ( i , j ) * v p ( i , j ) * h p ( i , j ) - u p ( i , j - 1 ) * v p ( i , j - 1 ) * h p ( i , j -
1 ) )  +&

g * h p ( i , j ) * d e l t * ( s 0 x ( i , j ) - s f x p ( i , j ) )

m o m y c ( i , j ) = m o m y ( i , j ) - ( d t d x ) * ( u p ( i + 1 , j ) * v p ( i + i , j ) * h p ( i + l , j )&
- u p ( i , j ) * v p ( i , j ) * h p ( i , j ) ) - ( d t d y ) * ( ( v p ( i , j ) * * 2 ) * h p ( i , j )+&

R e p ro d u c e d  with perm iss ion  of th e  copyright ow ner.  F u r th e r  reproduction  prohibited without perm iss ion .



125

0 .  5 * g *  ( h p  ( i ,  j ) * * 2 )  -  ( v p  ( i ,  j - 1 )  * * 2 )  * h p  ( i ,  j  - 1 )  - 0  . 5&
* g * ( h p ( i , j - 1 ) * * 2 ) ) + g * h p ( i , j ) * d e l t * ( s O y ( i , j ) - s f y p ( i , j ) )

u c ( i , j ) = m o m x c ( i , j ) / h e ( i , j ) 
v c ( i , j ) = m o m y c ( i , j ) / h e ( i , j )

5 5 0  c o n t i n u e  
5 6 0  c o n t i n u e

! c o u n t = 2  
! t i m e  s t e p = k + 2  
! c o r r e c t i o n  s t e p  
! b o u n d a r y  o n  i = m  
! d o  j = l , n

d o  5 7 0  j = l , n

l q x ( m , j ) = u c ( m - 1 , j ) * h c ( m - 1 , j )
! q y ( m , j ) = v c ( m - 1 , j ) * h c ( m - 1 , j )
! q t 2 ( m , j ) = ( ( q x ( m , j ) * * 2 ) + ( q y ( m , j ) * * 2 ) )
! h c  (m, j ) = ( q t 2  (m, j ) / g )  **  ( 1 . 0 / 3 . 0 )  

h e ( m , j ) = h c ( m - 1 , j ) 
v c ( m , j ) = v c ( m - l , j )  
u c ( m , j ) = u c ( m - 1 , j )

5 7 0  c o n t i n u e

! END OF COUNT=2
! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! !

j  i i i i j  i i t  ;  i i i  

i i i i i i i t i i i i i

COUNT=3

i i i ! i i i i i i i i i 
i i i i i i i i t i i i i

! c o u n t =3 
! t i m e  s t e p = k + 3  
! p r e d i c t i o n  s t e p  
! b o u n d a r y  o n  j  =1  
! i = l , m - l

e l s e i f  ( c o u n t . e q . 3 )  t h e n

d o  6 0 0  i = l , m - l

h p ( i , 1 ) = h ( i , 1 ) - ( d t d x ) * ( m o m x ( i + l , l ) - m o m x ( i , 1 ) ) &
- ( d t d y ) * ( m o m y ( i , 1 ) + mom y( i , 2 ) ) + d e l t * n e t

m o m x p ( i , 1 ) = m o m x ( i , 1 ) - ( d t d x ) * ( ( u ( i + l , 1 ) * * 2 ) * h ( i + l , 1 ) + &
0 .  5 * g * ( h ( i + l , l ) * * 2 ) - ( u ( i , l ) * * 2 ) * h ( i , l ) - 0 . 5 * g * ( h ( i , 1 ) * * 2 ) ) &  

- ( d t d y ) * ( u ( i , l ) * v ( i , l ) * h ( i , l ) + u ( i , 2 ) * v ( i , 2 ) * h ( i , 2 ) ) &
+ g * h ( i , 1 ) * d e l t * ( s 0 x ( i , 1 ) - s f x ( i , 1 ) )
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u p  ( i , 1 ) = m o m x p ( i , 1 ) / h p ( i , 1)
! u p  ( i ,  1)  = 0 .  0 

v p ( i , 1 ) = 0 . 0

6 0 0  c o n t i n u e

! c o u n t =3 
! t i m e  s t e p  k + 3  
! p r e d i c t i o n

d o  6 2 0  i = l , m - l  
d o  6 1 0  j = 2 , n

h p ( i , j ) = h ( i , j ) - ( d t d x ) * ( m o m x ( i + l , j ) - m o m x ( i , j ) ) &
- ( d t d y ) * ( m o m y ( i , j ) - m o m y ( i , j - 1 ) ) + d e l t * n e t

m o m x p ( i , j ) = mo mx ( i , j ) - ( d t d x ) * ( ( u ( i + l , j ) * * 2 ) * h ( i + l , j )&
+ 0 . 5 * g * ( h ( i + l , j ) * * 2 ) - ( u ( i , j ) * * 2 ) * h ( i , j ) - 0 . 5 * g * ( h ( i , j ) * * 2 ) ) &  

- ( d t d y ) * ( u ( i , j ) * v ( i , j ) * h ( i , j ) - u ( i / j - l ) * v ( i , j - l ) * h ( i , j - l ) ) &  
+ g * h ( i , j ) * d e l t * ( s 0 x ( i , j ) - s f x ( i , j ) )

m o m y p ( i , j ) = m o m y ( i , j ) - ( d t d x ) * ( u ( i + l , j ) * v ( i + l , j ) * h ( i + 1 , j )&
- u ( i , j ) * v ( i , j ) * h ( i , j ) ) - ( d t d y ) * ( ( v ( i , j ) * * 2 ) * h ( i , j ) + 0 . 5 * g &

* ( h ( i , j ) * * 2 ) - ( v ( i , j - 1 ) * * 2 ) * h ( i , j - 1 ) - 0 . 5 * g * ( h ( i , j - 1 ) * * 2 ) ) &  
+ g * h ( i , j ) * d e l t * ( s O y ( i , j ) - s f y ( i , j ) )

u p ( i , j ) = m o m x p ( i , j ) / h p ( i , j ) 
v p {i , j ) = m o m y p ( i , j ) / h p ( i , j )

6 1 0  c o n t i n u e  
6 2 0  c o n t i n u e

! c o u n t =3 
! t i m e  s t e p = k + 3  
! p r e d i c t i o n  s t e p  
1 b o u n d a r y  o n  i= m  
! d o  j = l , n

d o  6 3 0  j = l , n

! q x ( m , j ) = u p ( m - 1 , j ) * h p ( m - 1 , j )
! q y ( m , j ) = v p ( m - 1 , j ) * h p ( m - 1 , j )
! q t 2 ( m , j ) = ( ( q x ( m , j ) * * 2 ) + ( q y ( m , j ) * * 2 ) )
! h p  (m, j ) = ( q t 2  (m, j  ) / g )  ** ( 1 . 0 / 3 . 0 )  
h p ( m , j ) = h p ( m - 1 , j ) 
v p ( m , j ) = v p ( m - l , j ) 
u p  (m, j ) = u p  ( m - 1 ,  j )

6 3 0  c o n t i n u e

d o  6 3 6  i = l , m  
d o  6 3 5  j = l , n

s f x p ( i , j ) = ( m a n n * * 2 ) * u p ( i , j ) * s q r t ( u p ( i , j ) * * 2 + v p ( i , j ) * * 2 ) &
/  ( h p  ( i , j ) * * ( 1 . 3 3 ) )  

s f y p ( i , j ) = ( m a n n * * 2 ) * v p ( i , j ) * s q r t ( u p ( i , j ) * * 2 + v p ( i , j ) * * 2 ) &
/ ( h p ( i , j ) * * ( 1 . 3 3 ) )
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6 3 5  c o n t i n u e  
6 3 6  c o n t i n u e

! c o u n t =3 
! t i m e  s t e p = k + 3  
! c o r r e c t i o n  s t e p  
! b o u n d a r y  o n  i = l  
! d o  j = l , n - l

d o  6 4 0  j = l , n - l

h e ( 1 , j ) = h ( l , j ) - ( d t d x ) * ( m o m x p ( 1 , j ) +momxp ( 2 , j ) ) &
-  ( d t d y ) *  ( m o m y p d ,  j )  - m o m y p ( 1 ,  j - 1 )  ) + d e l t * n e t

momyc  ( 1 ,  j ) =momy ( 1 ,  j  ) -  ( d t d x )  * ( u p  ( 1 ,  j  ) * v p  ( 1 ,  j ) * h p  ( 1 ,  j  ) &
+ u p ( 2 , j ) * v p ( 2 , j ) * h p ( 2 , j ) ) - ( d t d y ) * ( ( v p ( l , j ) * * 2 ) * h p ( l , j )&
+ 0 . 5 * g * ( h p ( l , j ) * * 2 ) - ( v p ( l , j l ) * * 2 ) * h p ( l , j - 1 ) - 0 . 5 * g * ( h p ( 1 , j - 1 ) * * 2 ) ) + &  
g * h p ( l , j ) * d e l t * ( s 0 y ( l , j ) - s f y p ( l , j ) )

u c ( l , j ) = 0 . 0
v c ( 1 , j ) = m o m y c ( 1 , j ) / h e ( 1 , j )
! v c ( 1 , j ) = 0 . 0

6 4 0  c o n t i n u e

! c o u n t =3 
! t i m e  s t e p = k + 3  
! c o r r e c t i o n  s t e p

d o  6 6 0  i = 2 , m
d o  6 5 0  j = l , n - l

h c ( i , j ) = h ( i , j ) - ( d t d x ) * ( m o m x p ( i , j ) - m o m x p ( i - 1 , j ) ) &
- ( d t d y ) * ( m o m y p ( i , j  + 1 ) -momyp ( i , j ) ) + d e l t * n e t

m o m x c ( i , j ) = m o m x ( i , j ) - ( d t d x ) * ( ( u p ( i , j ) * * 2 ) * h p ( i , j ) + 0 . 5 * &
g * ( h p ( i , j ) * * 2 ) - ( u p ( i - 1 , j ) * * 2 ) * h p ( i - l , j ) - 0 . 5 * g * ( h p ( i - l , j ) * * 2 ) ) &  

- ( d t d y ) * ( u p ( i , j + l ) * v p ( i , j + 1 ) * h p ( i , j + 1 ) - u p ( i , j ) * v p ( i , j ) * h p ( i , j ) )& 
+ g * h p ( i , j ) * d e l t * ( s 0 x ( i , j ) - s f x p ( i , j ) )

m o m y c ( i , j ) = m o m y ( i , j ) - ( d t d x ) * ( u p ( i , j ) * v p ( i , j ) * h p ( i , j )&
- u p ( i - 1 , j ) * v p ( i - 1 , j ) * h p ( i - 1 , j ) ) - ( d t d y ) * ( ( v p ( i , j + 1 ) + * 2 ) &
* h p ( i , j + 1 ) + 0 . 5 * g * ( h p ( i , j + 1 ) * * 2 ) - ( v p ( i , j ) * * 2 ) * h p ( i , j )&

- 0 . 5 * g * ( h p ( i , j ) * * 2 ) ) + g * h p ( i , j ) * d e l t * ( s O y ( i , j ) - s f y p ( i , j ) )

u c ( i , j ) = m o m x c ( i , j ) / h e ( i , j ) 
v c ( i , j ) = m o m y c ( i , j ) / h c ( i , j )

6 5 0  c o n t i n u e  
6 6 0  c o n t i n u e

! c o u n t =3 
! t i m e  s t e p = k + 3  
! c o r r e c t i o n  s t e p  
! b o u n d a r y  o n  j = n
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! d o  i = 2 , m  
d o  6 7 0  i = 2 , m

h e ( i , n ) = h ( i , n ) - ( d t d x ) * ( m o m x p ( i , n ) - m o m x p ( i - 1 , n ) )&
- ( d t d y ) * ( m o m y p ( i , n - 1 ) + m o m y p ( i , n ) ) + d e l t * n e t

m o m x c ( i , n ) = m o m x ( i , n )  -  
( d t d x ) * ( ( u p ( i , n ) * * 2 ) * h p ( i , n ) + 0 . 5 * g * ( h p ( i , n ) * * 2 ) - &

( u p ( i - 1 , n ) * * 2 ) * h p ( i - l , n ) - 0 . 5 * g * ( h p ( i - l , n ) * * 2 ) ) - ( d t d y ) * ( u p ( i , n -  
1 ) * v p ( i , n - l ) &

* h p ( i , n - l ) + u p ( i , n ) * v p ( i , n ) * h p ( i , n ) ) + g * h p ( i , n ) * d e l t * ( s 0 x ( i , n ) - 
s f x p ( i , n ) )

u c ( i , n ) = m o m x c ( i , n ) / h e ( i , n )
! u c ( i , n ) = 0 . 0  

v c ( i , n ) = 0 . 0

6 7 0  c o n t i n u e

! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! !
! p o i n t  ( 1 , 1 )

h c ( l , n )  = ( h c ( l , n - l ) + h c ( 2 , n )  ) / 2 . 0  
v c ( l , n ) = ( v c ( l , n - l ) + v c ( 2 , n ) ) / 2 . 0  
u c ( l , n ) = ( u c ( l , n - l ) + u c ( 2 , n ) ) / 2 . 0

! END OF COUNT=3
I ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ’ ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ’
! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! !

e n d i f
! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! !  
! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! !  1 I ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ’ ! ! ! ! ! ! ! !  1 ! ! ! ! ! ! ! ! ! ! ! ’ !

! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! !  
i i i i i i i i i i i i i i t  t  i m  i

n e x t  t i m e  s t e p

i ; i j j ; j i j i ; i i i i i 
i i i i i i i i i i i i  i i i i

d o  3 0 2 0  i = l , m  
d o  3 0 1 0  j = l , n

h ( i , j ) = ( h c ( i , j ) + h p ( i , j ) ) / 2 . 0  
i f ( h ( i , j ) . I t . 0 . 0 2 )  h ( i , j ) = 0 . 0 2  
u ( i , j ) = ( u c ( i , j ) + u p ( i , j ) ) / 2 . 0  
u ( l , j ) = 0 . 0  
v ( l , j ) = 0 . 0
v ( i , j ) = ( v c ( i , j ) + v p ( i , j ) ) / 2 . 0  
v ( i , 1 ) = 0  . 0  
v ( i , n ) = 0 . 0  
u ( i , n ) = 0 . 0
s f x ( i , j ) = ( m a n n * * 2 ) * u ( i , j ) * s q r t ( u ( i , j ) * * 2 + v ( i , j ) * * 2 ) &  
/ ( ( h ( i , j ) * * ( 1 . 3 3 ) ) )
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! s f y ( i , j ) = ( m a n n * * 2 ) * v ( i , j ) * s q r t ( u ( i , j ) * * 2 + v ( i , j ) * * 2 ) &
! / ( ( h ( i , j ) * * ( 1 . 3 3 ) ) )

3 0 1 0  c o n t i n u e  
3 0 2 0  c o n t i n u e

i f ( M O D ( k , 6 0 0 0 0 ) . e q . O )  t h e n  
p r i n t * , k
p r i n t  1 0 7 0 0 , ( ( h ( i , j ) , i = l , m ) , j = l , n )  
w r i t e ( 1 0 0 , * ) k
w r i t e ( 1 0 0 , 1 0 7 0 0 ) ( ( h ( i , j ) , i = l , m ) , j = l , n )
w r i t e ( 1 0 0 , * )
p r i n t *
e n d i f

i f ( K E Y . e q . ’n ' ) g o t o  3 9 9 9

I ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! !  
i i i i i i i i i i  i i i i i i i i  i i i i i i i i

a r t i f i c i a l  v i s c o s i t y  ! !
i i

! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! !  
t i i t i i i i i i i i t i i i i i t i i i i i

I d o  3 9 9 0  z z = l , 3

! i f ( z z . e q . l ) t h e n

d o  3 0 3 5  i = l , m  
d o  3 0 3 0  j = l , n

v a r ( i , j ) = h ( i , j )

3 0 3 0  c o n t i n u e  
3 0 3 5  c o n t i n u e

l e l s e i f ( z z . e q . 2 ) t h e n

! d o  3 0 4 5  i = l , m  
! d o  3 0 4 0  j = l , n

! v a r ( i , j ) = v ( i , j )

1 3 0 4  0 c o n t i n u e  
1 3 0 4 5  c o n t i n u e

l e l s e

I d o  3 0 5 5  i = l , m  
! d o  3 0 5 0  j = l , n

1 v a r ( i , j ) = u ( i , j )

1 3 0 5 0  c o n t i n u e  
1 3 0 5 5  c o n t i n u e
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! e n d i f

d o  3 1 0 0  k k = l , 2
i f ( k k . e q . 1 ) t h e n
i = l
e l s e
i = m
e n d i f

d o  3 0 6 0  j = l , n - l

p a r a x f i , j ) = a b s ( v a r ( i ,  j + 1 ) - v a r ( i , j ) ) / ( a b s ( v a r ( i , j + 1 ) )& 
+ a b s ( v a r ( i , j ) ) )

3 0 6 0  c o n t i n u e

p a r a x ( i , n ) = a b s ( v a r ( i , n - 1 ) - v a r ( i , n ) ) / ( a b s ( v a r ( i , n - l ) )& 
+ a b s ( v a r ( i , n ) ) )

3 1 0 0  c o n t i n u e

d o  3 2 0 0  k k k = l , 2

i f ( k k k . e q . 1 ) t h e n
j = l
e l s e
j = m
e n d i f

d o  3 1 5 0  i = l , m - l

p a r a y ( i , j ) = a b s ( v a r ( i + 1 , j ) - v a r ( i , j ) ) / ( a b s ( v a r ( i + 1 , j ) )&
+ a b s ( v a r ( i , j ) ) )

3 1 5 0  c o n t i n u e

p a r a y ( m , j ) = a b s ( v a r ( m - 1 , j ) - v a r ( m , j ) ) / ( a b s ( v a r ( m - 1 , j ) ) &
+ a b s ( v a r ( m , j ) ) )

3 2 0 0  c o n t i n u e

d o  3 3 0 0  i = 2 , m - l  
d o  3 2 5 0  j = 2 , n - l

p a r a x ( i , j ) = a b s ( v a r ( i , j + 1 ) - 2 . 0 * v a r ( i , j ) + v a r ( i , j - 1 ) ) / &  
( a b s ( v a r ( i , j + 1 ) ) + a b s ( 2 . 0 * v a r ( i , j ) ) + a b s ( v a r ( i , j - 1 ) ) )

p a r a y ( i , j ) = a b s ( v a r ( i + 1 , j ) - 2 . 0 * v a r ( i , j ) + v a r ( i - 1 , j ) ) / &  
( a b s ( v a r ( i + 1 , j ) ) + a b s ( 2 . 0 * v a r ( i , j ) ) + a b s ( v a r ( i - 1 , j ) ) )

3 2 5 0  c o n t i n u e  
3 3 0 0  c o n t i n u e

d o  3 4 0 0  i = l , m  
d o  3 3 5 0  j = l , n - 1

e p s y l x ( i , j ) = d i s c o f * m a x ( p a r a x ( i , j ) , p a r a x ( i , j + 1 ) )
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3 3 5 0  c o n t i n u e  
34  00  c o n t i n u e

d o  3 5 5 0  i = l , m - l  
d o  3 5 0 0  j = l #n

e p s y l y ( i , j ) = d i s c o f * m a x ( p a r a y ( i , j ) , p a r a y ( i + 1 ,  j ) )

3 5 0 0  c o n t i n u e  
3 5 5 0  c o n t i n u e

d o  3 6 5 0  i = 2 , m - 1  
d o  3 6 0 0  j = 2 , n - l

v a r ( i ,  j ) = v a r ( i , j ) + e p s y l x ( i , j ) * ( v a r ( i , j + 1 ) - v a r ( i , j ) ) - &  
e p s y l x ( i , j - l ) * ( v a r ( i , j ) - v a r ( i , j - 1 ) )&
+ e p s y l y ( i , j ) * ( v a r ( i + l , j ) - v a r ( i , j ) ) - &  

e p s y l y ( i - l , j ) * ( v a r ( i , j ) - v a r ( i , j - 1 ) )

3 6 0 0  c o n t i n u e  
3 6 5 0  c o n t i n u e

! i f ( 2 2 . e q . 1 ) t h e n

d o  3 7 5 0  i = l , m  
d o  3 7 0 0  j = l , n

h ( i , j ) = v a r ( i , j )

3 7 0 0  c o n t i n u e  
3 7 5 0  c o n t i n u e

! e l s e i f ( 2 Z . e q . 2 ) t h e n

! d o  3 8 5 0  i = l , m  
! d o  3 8 0 0  j = l , n

l v ( i , j ) = v a r ( i , j )

1 3 8 0 0  c o n t i n u e  
1 3 8 5 0  c o n t i n u e

l e l s e

I d o  3 9 5 0  i = l , m  
1 d o  3 9 0 0  j = l , n

1 u ( i , j ) = v a r ( i , j )

1 3 9 0 0  c o n t i n u e  
1 3 9 5 0  c o n t i n u e

1e n d i f

1 3 9 9 0  c o n t i n u e
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i f ( M O D ( k , 6 0 0 0 0 ) . e q . O )  t h e n
p r i n t  1 0 7 0 0 , ( ( h ( i , j ) , i = l , m ) , j = l , n )
p r i n t *
p r i n t *
w r i t e ( 1 0 0 , 1 0 7 0 0 ) ( ( h ( i , j ) , i = l , m ) , j = l , n )  
w r i t e ( 1 0 0 , * )

e n d i f
I I  I I  I j  I I I I I I I I  I I I  I I I 

I I M  I I I I I t I I I I I ! I I  I I

i n t e r p o l a t i o n  ! !
i i

I I I I I I I I  I I I I M  I I I I

I I  1 1 1 1 1  1 1 1 1 1 1 1 1 1 1 1

3 9 9 9  d o  4 1 0 0  i = l , n - l
d o  4 0 0 0  j = l , m - l

v b a r ( i , j )  = ( v ( i , j ) + v ( i + l , j ) + v ( i , j + l ) + v ( i + l ,  j + 1 ) ) * 0 . 2 5  
u b a r ( i , j ) = ( u ( i , j ) + u ( i + l , j ) + u ( i , j + l ) + u ( i + l , j + 1 ) ) * 0 . 2 5  
h b a r ( i , j )  = ( h ( i , j ) + h ( i + l , j ) + h ( i ,  j + l ) + h ( i + l ,  j + 1 ) ) * 0 . 2 5

4 0 0 0  c o n t i n u e  
4 1 0 0  c o n t i n u e

h a v g = ( h ( m , 1 ) + h ( m , 2 ) + h ( m , 3 ) + h ( m , 4 ) + h ( m , 5 ) + h ( m , m ) ) / 6 . 0

v a v g = ( s q r t ( ( v ( m , 1 ) * * 2 ) + ( u ( m , 1 ) * * 2 ) ) + s q r t ( ( v ( m , 2 ) * * 2 ) + ( u ( m , 2 ) * * 2 ) ) + &  
s q r t ( ( v ( m , 3 ) * * 2 ) + ( u ( m , 3 ) * * 2 ) ) + s q r t ( ( v ( m , 4 ) * * 2 ) + ( u ( m , 4 ) * * 2 ) ) + &  
s q r t ( ( v ( m , 5 ) * * 2 ) + ( u ( m , 5 ) * * 2 ) ) + s q r t ( ( v ( m , m ) * * 2 ) + ( u ( m , m ) * * 2 ) ) ) / 6 . 0

Q a v g = ( ( ( s q r t ( ( v ( m , 1 ) * * 2 ) + ( u ( m , 1 ) * * 2 ) ) * h ( m , 1 ) ) + ( s q r t ( ( v ( m , 2 ) * * 2 ) + &  
( u ( m , 2 ) * * 2 ) ) * h ( m , 2 ) ) + ( s q r t ( ( v ( m , 3 ) * * 2 )  + ( u ( m , 3 ) * * 2 ) ) * h ( m ,  3 ) ) &
+ ( s q r t ( ( v ( m , 4 ) * * 2 )  + ( u ( m , 4 ) * * 2 ) ) * h ( m , 4 ) ) + ( s q r t ( ( v ( m , 5 ) * * 2 ) + &
( u ( m , 5 ) * * 2 ) ) * h ( m , 5 ) )  + ( s q r t ( ( v ( m , m ) * * 2 )  + ( u ( m , m ) * * 2 ) ) * h ( m , m )  ) ) / 6 . 0 ) &  
* 2 0 0 0 . 0

i f ( M O D ( k , 5 0 ) . e q . O )  t h e n

i f ( k . l e . 5 0 0 0 0 0 0 ) t h e n
w r i t e ( 4 1 , 1 0 2 0 0 ) ( ( h b a r ( i , j ) , j = l , n - l ) , i = l , m - l )  
w r i t e ( 5 1 , 1 0 2 0 0 ) ( ( v b a r ( i , j ) , j = l , n - l ) , i = l , m - l )  
w r i t e ( 6 1 , 1 0 2 0 0 ) ( ( u b a r ( i , j ) , j = l , n - l ) , i = l , m - l )  
e l s e
w r i t e ( 4 2 , 1 0 2 0 0 ) ( ( h b a r ( i , j ) , j = l , n - l ) , i = l , m - l )  
w r i t e ( 5 2 , 1 0 2 0 0 ) ( ( v b a r ( i , j ) , j = l , n - l ) , i = l , m - l )  
w r i t e ( 6 2 , 1 0 2 0 0 ) ( ( u b a r ( i , j ) , j = l , n - l ) , i = l , m - l )  
e n d i f

e n d i f

i f ( M O D ( k , 6 0 0 0 0 ) . e q . O )  t h e n
t i m e = k * d e l t
w r i t e ( 4 , 1 0 3 0 0 ) Q a v g
p r i n t  1 0 4 0 0 , t i m e , h a v g , v a v g , Q a v g , n e t
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w r i t e ( 7 1 , 1 0 4 0 0 ) t i m e , h a v g , v a v g , Q a v g
e l s e
e n d i f

c  o u n t = c o u n t +1  
i f ( c o u n t . e q . 4 )  c o u n t = 0

d o  4 8 0 0  i = l , m  
d o  4 7 5 0  j = l , n

s f x ( i , j )  = ( m a n n * * 2 ) * u ( i , j ) * s q r t ( u ( i , j ) * * 2 + v ( i ,  j ) * * 2 ) &  
/ ( ( h ( i , j ) * * ( 1 . 3 3 ) ) )  

s f y ( i ,  j ) = ( m a n n * * 2 ) * v ( i , j ) * s q r t ( u ( i , j ) * * 2 + v ( i , j ) * * 2 ) &  
/ ( ( h ( i , j ) * * ( 1 . 3 3 ) ) )

4 7 5 0  c o n t i n u e  
4 8 0 0  c o n t i n u e

1 1 0 0 0 0  f o r m a t ( 5 F 1 3 . 1 0 )
1 1 0 1 0 0  f o r m a t ( 6 F 1 3 . 1 0 )
1 0 2 0 0  f o r m a t ( 5 F 8 . 5 )
1 0 3 0 0  f o r m a t ( F 1 0 . 5 )
1 0 4 0 0  f o r m a t ( 5 F 1 2 . 5 )
1 0 5 0 0  f o r m a t ( 5 X , ' t i m e ( s ) ' , 4 X , ' h a v g ( c m ) ' , 2 X , ’v a v g ( c m / s ) ' , 2 X , &  

' Q a v g ( c c / s ) ' , 7 x , ' n e t ' )
1 0 6 0 0  f o r m a t ( 5 x ,  '  ' , 4 X ,  ' ------------------ ' , 2 X ,    \ 2 X , &

. -------------------- 1 , 6 x ,  ' -------------- ' )
1 0 7 0 0  f o r m a t ( 6 F 9 . 6 )

5 0 0 0  c o n t i n u e

9 0 0 0  t i m e = t i m e / 6 0 . 0
p r i n t * , '  t h e  s i m u l a t i o n  s t o p e d  a f t e r ' , t i m e , ' m i n u t e s '

e n d
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T H IS  PROGRAM CALCULATES THE SUSPENDED SOLID CONCENTRATION 
BY SIAMAK ESFANDIARY

i m p l i c i t  n o n e
i n t e g e r  n ,  m,  t i m e ,  m a x n o d e  
p a r a m e t e r  ( m a x n o d e = 1 0 )  
p a r a m e t e r  ( n = 5 ,  m=5)
d o u b l e  p r e c i s i o n  v ( m a x n o d , m a x n o d ) , u ( m a x n o d , m a x n o d ) , h ( m a x n o d , m a x n o d )  
d o u b l e  p r e c i s i o n  f a l v e l ( m a x n o d , m a x n o d ) , m a n n  , b e d c o n ( m a x n o d , m a x n o d )  
d o u b l e  p r e c i s i o n  s h e v e l ( m a x n o d , m a x n o d ) , t s p ( m a x n o d , m a x n o d )  
d o u b l e  p r e c i s i o n  e x d t d x ( m a x n o d , m a x n o d )
d o u b l e  p r e c i s i o n  e y d t d y ( m a x n o d , m a x n o d ) , s u s a v g ,  q s o r c ( m a x n o d , m a x n o d )  
d o u b l e  p r e c i s i o n  D m D t ( m a x n o d , m a x n o d ) , t a w ( m a x n o d , m a x n o d )  
d o u b l e  p r e c i s i o n  E x ( m a x n o d , m a x n o d ) , E y ( m a x n o d , m a x n o d ) , v a v g , h a v g  
d o u b l e  p r e c i s i o n  s u s m ( m a x n o d , m a x n o d ) , s u s m p ( m a x n o d , m a x n o d )  
d o u b l e  p r e c i s i o n  s u s m p h ( m a x n o d , m a x n o d )
d o u b l e  p r e c i s i o n  s u s m c ( m a x n o d , m a x n o d ) , s u s m c h ( m a x n o d , m a x n o d )
p a r a m e t e r  ( m a x = 3 2 4 0 0 ,  g = 9 8 1 . 0 ,  s h e c r t = 0 . 1  )
p a r a m e t e r  ( c o n s t = 0 . 0 0 1 5 6 ,  s h e r o s =  0 . 0 0 0 0 0 4 5 )
p a r a m e t e r  ( E c o n s t = 0 . 0 0 0 0 0 0 2 , w d e n s = l . 0 )
p a r a m e t e r  ( s h e d e p = 0 . 0 0 0 0 0 2 ,  K O = 0 . 5 )
p a r a m e t e r  ( d e l x = 4 0 0 . 0 ,  d e l y = 4 0 0 . 0 ,  d e l t = 0 . 0 5 )

! OPENING THE INPUT F I L E S

o p e n ( u n i t = 7  , f i l e = ' t e s t . t x t ' , s t a t u s = 1 u n k n o w n ' )  
o p e n ( u n i t = 8  , f i l e = 1s u s m . t x t ' , s t a t u s = ' u n k n o w n ' )  
o p e n ( u n i t = 9  , f i l e = ' q s o r c . t x t 1 , s t a t u s = ' u n k n o w n ’ ) 
o p e n ( u n i t = l l , f i l e = ' Q a v g . t x t ' , s t a t u s = ' u n k n o w n 1) 
o p e n ( u n i t = 4 1 , f i l e = 1o u t h b a r . t x t ' , s t a t u s = ' u n k n o w n ' )  
o p e n ( u n i t = 5 1 , f i l e = ' o u t v b a r . t x t ' , s t a t u s = ' u n k n o w n ' )  
o p e n ( u n i t = 6 1 , f i l e = ' o u t u b a r . t x t ' , s t a t u s = ' u n k n o w n ' )

p r i n t * , ' p l e a s e  w a i t 1 
p r i n t  1 0 5 0 0

! I N I T I A L  CONDITIONS 
i = = = = = = = = = = = = = = = = = = =

d o  1 2 0  i = l , m  
d o  1 1 0  j = l , n

s u s m ( i , j ) = 0 . 0  
f a l v e l ( i , j ) = 0 . 0  
E x ( i , j ) = 0 . 0
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E y ( i , j ) = 0 . 0  
e x d t d x ( i , j ) = 0 . 0  
e y d t d y ( i , j ) = 0 . 0

1 1 0  c o n t i n u e  
1 2 0  c o n t i n u e

d t d x = d e l t / d e l x
d t d y = d e l t / d e l y

m a n n = 0 . 1 5

!READING THE INPUT F I L E S  
; _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

d o  5 0 0 0 0  t i m e = l , m a x

r e a d ( 5 1 , 1 0 2 0 0 ) ( ( v ( i , j ) , j = l , n ) , i = l , m )  
r e a d ( 6 1 , 1 0 2 0 0 ) ( ( u ( i , j ) , j = l , n ) , i = l , m )  
r e a d ( 4 1 , 1 0 2 0 0 ) ( ( h ( i , j ) , j = l , n ) , i = l , m )

! COMPUTING THE VAIABLES

! s h e v e l ( i , j )  = s h e a r  v e l o c i t y  
! m a n n i n g  c o e f f i c i e n t s  0 . 0 3 5  
! t s p ( i , j ) =  t r a n s p o r t  s t a g e  p a r a m e t e r
! s h e c r t  = c r i t i c a l  b e d  s h e a r  v e l o c i t y  g i v e n  b y  S h i e l d ' s  d i a g r a m  
1 b e d c o n ( i , j ) =  r e f e r e n c e  c o n c e n t r a t i o n  o r  n e a r  b e d  c o n c e n t r a t i o n  
1 c o n s t  = 0 . 0 3 5 * D 5 0 / ( a 2 * a * ( D * ) * * . 3 )
! t a w ( i , j ) =  b e d  s h e a r  s t r e s s
! D m D t ( i , j )  = m a s s  e r o d e d  p e r  u n i t  a r e a  p e r  u n i t  t i m e  
! s h e r o s  = l i m i t i n g  b e d  s h e a r  f o r  e r o s i o n  
! E c o n s t  = e r o s i o n  c o n s t a n t  
! q s o r c ( i , j ) =  s o u r c e / s i n k  t e r m
! s h e d e p =  l i m i t i n g  b e d  s h e a r  s t r e s s  f o r  d e p o s i t i o n  
1 f a l v e l ( i , j ) =  f a l l  v e l o c i t y

d o  3 2 0  i = l , m  
d o  3 0 0  j = l , n

s h e v e l ( i , j ) = ( m a n n * s q r t ( g ) * s q r t ( u ( i , j ) * * 2  + v ( i , j ) * * 2 ) ) / ( h ( i , j ) * * ( 1 / 6 ) )

t s p ( i , j ) = ( ( s h e v e l ( i , j ) / s h e c r t ) * * 2 ) - 1  
i f ( t s p ( i , j )  . l t . 0 )  t s p ( i , j ) = 0

b e d c o n ( i , j ) = c o n s t * ( t s p ( i , j ) * * ( 1 . 5 ) )
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t a w ( i , j ) = w d e n s * ( s h e v e l ( i , j ) * * 2 )

i f ( t a w ( i , j ) . g e . s h e r o s ) t h e n
D m D t ( i , j ) = E c o n s t * ( ( t a w ( i , j ) / s h e r o s ) - 1 )
e l s e
D m D t ( i , j ) = 0  
e n d i f

i f ( t a w ( i , j ) . l t . s h e d e p )  t h e n
q s o r c ( i , j ) = ( - ( t a w ( i , j ) / s h e d e p ) * f a l v e l ( i , j ) * s u s m ( i , j ) ) * d e l t  
e l s e i f ( t a w ( i , j ) . g e . s h e d e p  . a n d .  t a w ( i , j ) . I t . s h e r o s )  t h e n  
q s o r c ( i , j ) = - ( f a l v e l ( i , j ) * s u s m ( i , j ) ) * d e l t  
e l s e
q s o r c ( i , j ) = ( D m D t ( i , j )  -  f a l v e l ( i , j ) * s u s m ( i , j ) ) * d e l t  
e n d i f

3 0 0  c o n t i n u e  
3 2 0  c o n t i n u e

! F I N I T E  DIFFERENCE COMPUTATIONS 
! = = = = = = = = = = = = = = = = = = = = = = = = = = = = = =

! p r e d i c t i o n  s t e p  
! b o u n d a r y  c o n d i t i o n s  
! i = l  , j = 2 , n - l

d o  4 0 0  j = 2 , n - l

s u s m p h ( 1 , j ) = s u s m ( l , j ) * h ( l , j ) -
d t d x * ( s u s m ( l , j ) * u ( l , j ) * h ( l , j ) + s u s m ( 2 , j ) * u ( 2 , j ) * h ( 2 , j ) ) &  
- d t d y *  ( s u s m d ,  j )  * v ( l ,  j )  * h ( l , j )  - s u s m ( l ,  j - 1 )  * v ( l , j - l ) * h ( l , j -  
1 ) )  + e x d t d x ( l ,  j  ) * ( 2 * s u s m ( 2 ,  j ) &
* h ( 2 ,  j )  - 2 * s u s m ( l , j ) * h ( l , j ) ) + e y d t d y ( 1 , j ) *  ( s u s m ( l ,  j + 1 )  * h ( l ,  j + 1 )  
2 * s u s m ( l ,  j ) * h ( l ,  j ) - s u s m ( l ,  j - 1 ) ) &
+ q s o r c ( 1 , j )

s u s m p ( 1 , j ) = s u s m p h ( 1 , j ) / h ( 1 , j )

4 0 0  c o n t i n u e

! j = l  , i = 2 , m - l

d o  4 5 0  i = 2 , m - l

s u s m p h ( i ,  1 )  = s u s m ( i ,  1 )  * h ( i ,  1)  - d t d x *  ( s u s m d ,  1 )  * u ( i ,  1 )  &
* h ( i ,  1)  - s u s m  ( i - 1 ,  l ) * u ( i - l , l ) * h ( i - l , l ) ) - &
d t d y *  ( s u s m d ,  1)  * v ( i ,  1 )  * h ( i ,  1 )  + s u s m ( i ,  2 )  * v ( i ,  2 )  &
* h ( i , 2 ) ) + e x d t d x ( i , 1 ) * ( s u s m ( i + 1 , 1 ) * h ( i + l , 1 ) - 2 * &  
s u s m ( i , l ) * h ( i , 1 ) + s u s m ( i - l , l ) * h ( i - l , l ) ) + e y d t d y ( i , 1 ) &
* ( 2 * s u s m ( i , 2 ) * h ( i , 2 ) - 2 * s u s m ( i , 1 ) * h ( i , 1 ) ) + q s o r c ( i , 1 )

R e p ro d u c e d  with p erm iss ion  of th e  copyright ow ner.  F u r the r  reproduction  prohibited without perm iss ion .



s u s m p ( i , 1 ) = s u s m p h ( i , 1 ) / h ( i , 1 )  

4 5 0  c o n t i n u e

! j = n  , i = 2 , m - l

d o  4 8 0  i = 2 , m - l

s u s m p h ( i , n ) = s u s m ( i , n ) * h ( i , n ) - d t d x * ( s u s m ( i , n ) * u ( i , n ) * h ( i , n ) & 
- s u s m ( i - l , n ) * u ( i - l , n ) * h ( i - l , n ) )&
- d t d y * ( s u s m ( i , n ) * v ( i , n ) * h ( i , n ) - s u s m ( i , n - l ) * v ( i , n - l ) & 
* h ( i , n - l ) ) + e x d t d x ( i , n ) * ( s u s m ( i + l , n ) * h ( i + l , n ) - 2 * &  
s u s m ( i , n ) * h ( i , n ) + s u s m ( i - l , n ) * h ( i - l , n ) ) + e y d t d y ( i , n ) *& 
( 2 * s u s m ( i , n - l ) * h ( i , n - l ) - 2 * s u s m ( i , n ) * h ( i , n ) ) + q s o r c ( i , n )

s u s m p ( i , n ) = s u s m p h ( i , n ) / h ( i , n )

4 8 0  c o n t i n u e

! p o i n t ( l , l )  & p o i n t ( l , n )

s u s m p ( 1 , 1 ) = ( s u s m p ( 1 , 2 ) + s u s m p ( 2 , 1 ) ) * 0 . 5  
s u s m p ( 1 , n ) = ( s u s m p ( l , n - l ) + s u s m p ( 2 , n ) ) * 0 . 5

! i = m  , j = l , n

d o  5 0 0  j = l , n

s u s m p ( m , j ) = s u s m p ( m - 1 , j )

5 0 0  c o n t i n u e

! i n s i d e  p o i n t s

d o  6 0 0  i = 2 , m - 1  
d o  5 5 0  j = 2 , n - 1

s u s m p h ( i , j ) = s u s m ( i , j ) * h ( i , j ) - d t d x * ( s u s m ( i , j ) * u ( i , j ) * h ( i , j )& 
- s u s m ( i - l , j ) * u ( i - l , j ) * h ( i - l , j ) )&
- d t d y * ( s u s m ( i , j ) * v ( i , j ) * h ( i , j ) - s u s m ( i , j ) * v ( i , j - l ) &
* h ( i , j - l ) ) + e x d t d x ( i , j ) * ( s u s m ( i + l , j ) * h ( i + l , j ) -2 * &  
s u s m ( i , j ) * h ( i , j ) + s u s m ( i - l , j )&
* h ( i - l , j ) ) + e y d t d y ( i , j ) * ( s u s m ( i , j + 1 ) * h ( i , j + l ) &
- 2 * s u s m ( i , j ) * h ( i , j )+&
s u s m ( i , j - l ) * h ( i / j - l ) ) + q s o r c ( i , 1)

s u s m p ( i , j ) = s u s m p h ( i , j ) / h ( i , j )
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5 5 0  c o n t i n u e  
6 0 0  c o n t i n u e

! ------------      SEPERATING THE PREDICTION STEP

FROM THE CORRECTION STEP

c o r r e c t i o n  s t e p  
b o u n d a r y  c o n d i t i o n s  
i = l  , j = 2 , n - l

d o  7 0 0  j = 2 , n - l

s u s m c h ( 1 , j ) = s u s m ( 1 ,  j ) * h ( 1 ,  j ) - d t d x * ( s u s m p ( 2 , j ) * u ( 2 , j ) &
* h ( 2 , j ) - s u s m p ( 1 , j ) * u ( 1 , j ) * h ( 1 , j ) ) &
- d t d y * ( s u s m p ( 1 , j + 1 ) * v ( l , j + 1 ) * h ( l , j + 1 ) &
- s u s m p ( 1 , j ) * v ( l , j ) * h ( l , j ) ) + e x d t d x ( l , j ) * ( 2 * s u s m p ( 2 , j ) &
* h ( 2 , j ) - 2 * s u s m p ( l , j ) * h ( l , j ) ) + e y d t d y ( 1 , j ) * ( s u s m p ( 1 , j + 1 ) * h ( l , j + 1 ) & 
- 2 * s u s m p ( l , j ) * h ( l , j ) - s u s m p ( 1 , j - 1 ) ) &
+ q s o r c ( 1 , j )

s u s m c ( 1 , j ) = s u s m c h ( l , j ) / h ( l , j )

7 0 0  c o n t i n u e  

! j = l  , i = 2 , m - l
I = = = = = = = = = = = = = = = =

d o  7 5 0  i = 2 , m - l

s u s m c h ( i , l ) = s u s m ( i , 1 ) * h ( i , 1 ) - d t d x * ( s u s m p ( i + 1 , 1 ) * u ( i + l , l ) &
* h ( i + l , l ) - s u s m p ( i , 1 ) * u ( i , 1 ) * h ( i , 1 ) ) &
- d t d y * ( s u s m p ( i , 2 ) * v ( i , 2 ) * h ( i , 2 ) &
- s u s m p ( i ,  1 )  * v ( i , 1 ) * h ( i , 1 ) )  + e x d t d x ( i ,  1 )  * ( s u s m p ( i + 1 ,  1)  &
* h ( i + l ,  1)  - 2 * s u s m p ( i ,  1 )  * h ( i ,  1 )  + s u s m p ( i - l ,  1 )  &
* h ( i - l ,  1 ) ) + e y d t d y ( i , 1 ) * ( 2 * s u s m p ( i , 2 ) * h ( i , 2 ) - 2 * s u s m p ( i , 1 ) * h ( i , 1 ) ) &  
+ q s o r c ( i , 1 )

s u s m c ( i , 1 ) = s u s m c h ( i , 1 ) / h ( i , 1)

7 5 0  c o n t i n u e  

! j = n  , i = 2 , m - l

d o  7 8 0  i = 2 , m - l

s u s m c h ( i , n ) = s u s m ( i , n ) * h ( i , n ) - d t d x * ( s u s m p ( i + 1 ,  n ) * u ( i + l , n )  & 
* h ( i + l , n ) - s u s m p ( i , n ) * u ( i , n ) * h ( i , n ) )&
+ d t d y * ( s u s m p ( i , n + l ) * v ( i , n + l ) * h ( i , n + l ) + s u s m p ( i , n ) &
* v ( i , n ) * h ( i , n ) ) + e x d t d x ( i , n ) * ( s u s m p ( i + 1 , n ) * h ( i + l , n ) - 2 * &  
s u s m p ( i , n ) * h ( i , n ) + s u s m p ( i - l , n ) * h ( i - l , n ) ) + e y d t d y ( i , n ) *& 
( 2 * s u s m p ( i , n - l ) * h ( i , n - l ) - 2 * s u s m p ( i , n ) * h ( i , n ) ) + q s o r c ( i , n )
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s u s m c ( i , n ) = s u s m c h ( i , n ) / h ( i , n )  

7 8 0  c o n t i n u e  

! p o i n t ( l , l )  & p o i n t ( l , n )

s u s m c ( 1 , 1 )  = ( s u s m c ( 1 , 2 ) + s u s m c ( 2 , 1 ) ) * 0 . 5  
s u s m c ( 1 ,  n )  = ( s u s m c ( l , n - l ) + s u s m c ( 2 , n ) ) * 0 . 5

! i = m  , j = l , n

d o  8 0 0  j = l , n

s u s m c ( m , j ) = s u s m c ( m - 1 , j )

8 0 0  c o n t i n u e

! i n s i d e  p o i n t s

d o  8 7 0  j = 2 , m - l  
d o  8 2 0  i = 2 , n - l

s u s m c h ( i , j ) = s u s m ( i , j ) * h ( i , j ) - d t d x * ( s u s m p ( i + 1 , j ) * u ( i + l , j ) &  

* h ( i + l , j ) - s u s m p ( i , j ) * u ( i , j ) * h ( i , j ) ) &
+ d t d y * ( s u s m p ( i , j + 1 ) * v ( i , j + 1 ) * h ( i , j + 1 ) + s u s m p ( i , j )&
* v ( i ,  j ) * h ( i , j ) ) + e x d t d x ( i , j ) * ( s u s m p ( i + 1 , j ) * h ( i + l , j ) - 2 * &  
s u s m p ( i , j ) * h ( i , j ) + s u s m p ( i - 1 , j ) * h ( i - l , j ) ) + e y d t d y ( i , j )*& 
( 2 * s u s m p ( i , j - 1 ) * h ( i , j - 1 ) - 2 * s u s m p ( i , j ) * h ( i , j ) ) + q s o r c ( i , j )

s u s m c ( i , j ) = s u s m c h ( i , j ) / h ( i ,  j )

8 2 0  c o n t i n u e  
8 7 0  c o n t i n u e

! n e x t  t i m e  s t e p

d o  9 2 0  i = l , m  
d o  9 0 0  j = l , n

s u s m ( i , j ) = ( s u s m p ( i , j ) + s u s m c ( i , j ) ) * 0 . 5  
i f ( s u s m ( i , j ) . I t . 0 . 0 0 0 0 0 0 1 )  s u s m ( i , j ) = 0

f a l v e l ( i , j ) = K 0 * ( s u s m ( i , j ) * * ( 4 . 0 / 3 . 0 ) )

E x ( i , j ) = 0 . 5 * s h e v e l ( i , j ) * h ( i , j )
E y  ( i , j ) = E x ( i , j )

e x d t d x ( i , j ) = d e l t / ( d e l x * * 2 ) * E x ( i ,  j )

R e p ro d u c e d  with perm iss ion  of th e  copyright ow ner.  F u r th e r  reproduction  prohibited without perm iss ion .



140

e y d t d y ( i , j ) = d e l t / ( d e l y * * 2 ) * E y ( i , j )

9 0 0  c o n t i n u e  
9 2 0  c o n t i n u e

s u s a v g = ( s u s m ( m , 1 ) + s u s m ( m , 2 ) + s u s m ( m , 3 ) + s u s m ( m , 4 ) &  
+ s u s m ( m , 5 ) + s u s m ( m , 6 ) ) / 6 . 0

1 WRITING THE OUTPUT F I L E S  INTO t e s t . t x t  F I L E

w r i t e ( 8 , 1 0 3 0 0 ) ( ( s u s m ( i , j ) , j = l , n ) , i = l , m )  
w r i t e  ( 9 , 1 0 3 0 0 )  ( ( q s o r c  ( i ,  j ) , j = l , n ) , 1=1,111)

i f ( M O D ( t i m e , 1 0 ) . e q . 0 )  t h e n

w r i t e (7  
w r i t e (7 
w r i t e (7  
w r i t e (7  
w r i t e ( 7  
w r i t e (7  
w r i t e (7  
w r i t e (7 
w r i t e (7  
w r i t e (7  
w r i t e (7 
w r i t e (7  
w r i t e (7  
w r i t e (7  
w r i t e (7 
w r i t e (7  
w r i t e (7 
w r i t e (7 
w r i t e (7  
w r i t e (7 
w r i t e (7 
w r i t e (7  
w r i t e (7 
w r i t e (7 
w r i t e (7 
w r i t e {7 
w r i t e (7 
w r i t e (7 
w r i t e (7  
w r i t e (7 
w r i t e (7 
w r i t e (7 
w r i t e (7 
w r i t e (7  
w r i t e (7 
w r i t e (7 
w r i t e (7  
w r i t e (7

' t i m e  s t e p = 1 , t i m e

' v e l o c i t y  i n  t h e  y  d i r e c t i o n '
0 3 0 0 ) ( ( v ( i , j ) , j = l , n ) , i = l , m )

' v e l o c i t y  i n  t h e  x  d i r e c t i o n '
0 3 0 0 ) ( ( u ( i , j ) , j = l , n ) , i = l , m )

f l o w  d e p t h '
0 3 0 0 ) ( ( h ( i , j ) , j = l , n ) , i = l , m )

' s h e a r  v e l o c i t y '
0 3 0 0 ) ( ( s h e v e l ( i ,  j ) , j = l , n ) , i = l , m )

' t r a n s p o r t  s t a g e  p a r a m e t e r '
0 3 0 0 ) ( ( t s p ( i , j ) , j = l , n ) , i = l , m )

n e a r  b e d  c o n c e n t r a t i o n '
0 3 0 0 ) ( ( b e d c o n ( i , j ) , j = l , n ) , i = l , m )

b e d  s h e a r  s t r e s s '
0 3 0 0 )  ( ( t a w ( i , j ) , j = l , n )  , i = l , m )

' m a s s  e r o d e d  p e r  u n i t  a r e a  p e r  u n i t  t i m e '  
0 3 0 0 ) ( ( D m D t ( i ,  j ) , j = l , n ) , i = l , m )

' f a l l  v e l o c i t y '
0 3 0 0 ) ( ( f a l v e l ( i , j ) , j = l , n ) , i = l , m )

' E x  a n d  E y '
0 3 0 0 ) ( ( E x ( i , j ) , j = l , n ) , i = l , m )

' s o u r c e / s i n k  t e r m '
0 3 0 0 ) ( ( q s o r c ( i , j ) , j = l , n ) , i = l , m )

' s u s p e n d e d  s o l i d  c o n c e n t r a t i o n 1 
0 3 0 0 ) ( ( s u s m ( i , j ) , j = l , n ) , i = l , m )
)
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w r i t e ( 7 , * ) ' = = = = = = = = = = =  e n d  o f  t i m e  s t e p ' , t i m e , 1 = = = = = = = = = = = '
w r i t e ( 7 , * )
! w r i t e  ( 1 1 ,  * )  s u s a v g

e n d i f

s u s a v g =  ( s u s m ( 5 , 1 )  + s u s m ( 5 , 2 )  + s u s m ( 5 ,  3)  + s u s m ( 5 , 4 )  + s u s m ( 5 , 5 )  ) / 5 . 0

v a v g = ( s q r t ( ( v ( 5 , l ) * * 2 ) + ( u ( 5 , l ) * * 2 ) ) + s q r t ( ( v ( 5 , 2 ) * * 2 ) + ( u ( 5 , 2 ) * * 2 ) ) + &  
s q r t ( ( v ( 5 , 3 ) * * 2 ) + ( u ( 5 , 3 ) * * 2 ) ) + s q r t ( ( v ( 5 , 4 ) * * 2 ) + ( u ( 5 , 4 ) * * 2 ) )+& 
s q r t ( ( v ( 5 , 5 ) * * 2 ) + ( u ( 5 , 5 ) * * 2 ) ) ) / 5 . 0

h a v g = ( h ( 5 , 1 ) + h ( 5 , 2 ) + h ( 5 ( 3 ) + h ( 5 , 4 ) + h ( 5 , 5 ) ) / 5 . 0

Q a v g = v a v g * h a v g * s u s a v g *  2 0 0 0

i f ( M 0 D ( t i m e , 1 2 0 0 ) . e q . 0)  t h e n

w r i t e ( 1 1 , 1 0 3 0 0 ) Q a v g
p r i n t  1 0 4 0 0 , t i m e , s u s a v g , v a v g , h a v g , q a v g

e n d i f

1 0 2 0 0  f o r m a t ( 5 F 8 . 5 )
1 0 3 0 0  f o r m a t ( 5 F 1 5 . 7)
1 0 4 0 0  f o r m a t ( 1 7 , 3 X , 4 F 1 5 . 4 )
1 0 5 0 0  f o r m a t ( 4 X , ' t i m e ' , 1 1 X , ' g / c c ' , 1 1 X , ' e m / s ' , 1 3 X , ' e m ’ , 1 2 X , ' g / s ' , / &  

4X,  ' -' ,  11X,  '  ' , 11 X ,  ' ----------' , 13X ,  ' , 12X ,  ' ------ ’ )

5 0 0 0 0  c o n t i n u e

p r i n t * , ' n o r m a l  t e r m i n a t i o n '

e n d
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! T H I S  PROGRAM COMPUTES THE RADIOACTIVE TRANSPORT 
! I N  RUNOFF AS WELL AS THE CHANGE OF THE CONCENTRATION 
! ON THE INTERFACE (SOI L)
! BY SIAMAK ESFANDIARY

i m p l i c i t  n o n e
i n t e g e r  m , n ,  m a x n o d
d o u b l e  p r e c i s i o n  v ( m a x n o d , m a x n o d )
d o u b l e  
d o u b l e  p r e c i s i o n

u ( m a x n o d , m a x n o d ) , h ( m a x n o d , m a x n o d )  
p r e c i s i o n  q s o r c ( m a x n o d , m a x n o d ) , s u s m ( m a x n o d , m a x n o d )

F d w (m a x n o d , m a x n o d ) F p w (m a x n o d , m a x n o d ) 
d o u b l e  p r e c i s i o n  F d s ( m a x n o d , m a x n o d ) , F p s ( m a x n o d , m a x n o d )  
d o u b l e  p r e c i s i o n  e r o s n ( m a x n o d , m a x n o d ) , a d v e c ( m a x n o d , m a x n o d )  
d o u b l e  p r e c i s i o n  d e c a y ( m a x n o d , m a x n o d ) , d i f m a s ( m a x n o d , m a x n o d )  
d o u b l e  p r e c i s i o n  w c o n ( m a x n o d , m a x n o d ) , w c o n p h ( m a x n o d , m a x n o d )  
d o u b l e  p r e c i s i o n  w c o n c h ( m a x n o d , m a x n o d ) , w c o n p ( m a x n o d , m a x n o d )  
d o u b l e  p r e c i s i o n  w c o n c ( m a x n o d , m a x n o d ) , q l ( m a x n o d , m a x n o d )  
d o u b l e  p r e c i s i o n  q 2 ( m a x n o d , m a x n o d ) , s c o n ( m a x n o d , m a x n o d )  
d o u b l e  p r e c i s i o n  k d w ,  k d s ,  d n s t y ,  KO, l a m b d a  
p a r a m e t e r  ( m a x = 3 2 4 0 0 ,  d e l x = 4 0 0 . 0 ,  d e l y = 4 0 0 . 0 ,  d e l t = 0 . 0 5  
p a r a m e t e r  ( v d = 0 . 0 0 0 0 0 7 4 4 7 ,  i n f i l t = 0 . 0 0 3 3 )  
p a r a m e t e r  ( n = 5 ,  m=5)  
i n t e g e r  t i m e

)

p r i n t * , ' p l e a s e  w a i t '  
p r i n t  1 0 6 0 0

! OPENING THE INPUT F I L E S

o p e n ( u n i t = 8  , f i l e = ' s u s m . t x t ' , s t a t u s = ' u n k n o w n ' )  
o p e n ( u n i t = 9  , f i l e = ' q s o r c . t x t ' , s t a t u s = ' u n k n o w n ' )  
o p e n ( u n i t = 1 0 , f i l e = ’ s c o n i n i . t x t 1 , s t a t u s = ' u n k n o w n ' )  
o p e n ( u n i t = l l , f i l e = ' o u t s . t x t 1, s t a t u s = ' u n k n o w n ' )  
o p e n ( u n i t = 1 2 , f i l e = ' o u t w . t x t ' , s t a t u s = ' u n k n o w n 1) 
o p e n ( u n i t = 1 3 , f i l e = ' o u t i n f . t x t ' , s t a t u s = ' u n k n o w n ' ) 
o p e n ( u n i t = 1 4 , f i l e = ' f r a c t i o n . t x t ' , s t a t u s = ' u n k n o w n ' )  
o p e n ( u n i t = 4 l , f i l e = ' o u t h b a r . t x t ' , s t a t u s = ' u n k n o w n ' )  
o p e n ( u n i t = 5 1 , f i l e = ' o u t v b a r . t x t ' , s t a t u s = ' u n k n o w n ' )  
o p e n ( u n i t = 6 1 , f i l e = ' o u t u b a r . t x t ' , s t a t u s = ' u n k n o w n ' ) 
o p e n ( u n i t = 7 1 , f i l e = ' p o l h y d . t x t ' , s t a t u s = ' u n k n o w n ’ )

! I N I T I A L  CONDITIONS

d o  1 1 0  i = l , m  
d o  1 0 0  j = l , n

w c o n ( i , j ) = 0 . 0
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1 0 0  c o n t i n u e  
1 1 0  c o n t i n u e

r e a d ( 1 0 , * ) ( ( s c o n ( i , j ) , j = l , n ) , i = l , m )
!p r i n t  1 0 2 0 0 , ( ( s c o n ( i , j ) , j = l , n ) , i = l , m )

! CONSTANSTS 
i = = = = = = = = = = —

p o r o = 0 . 4  
E x = . 0 0 0 2  
E y = . 0 0 0 2  
d n s t y = 2 . 5  
k d w = 0 . 5  
k d s = 0 . 5  
K O = 0 . 8  
l a m b d a = 0 . 0

d t d x = d e l t / d e l x  
d t d y = d e l t / d e l y  
e x d t d x = E x * d e l t / ( d e l x * * 2 )  
e y d t d y = E y * d e l t / ( d e l y * * 2 )

d o  1 0 0 0 0  t i m e = l , m a x

!READING THE INPUT F I L E S
i = = = = = = = = = = = = = = = = = = = = = = = =

r e a d ( 8 , 1 0 3 0 0 ) ( ( s u s m ( i , j ) , j = l , n ) , i = l , m )  
r e a d ( 9 , 1 0 3 0 0 ) ( ( q s o r c ( i , j ) , j = l , n ) , i = l , m )  
r e a d ( 5 1 , 1 0 2 0 0 ) ( ( v ( i , j ) , j = l , n ) , i = l , m )  
r e a d ( 6 1 , 1 0 2 0 0 ) ( ( u ( i , j ) , j = l , n ) , i = l , m )  
r e a d ( 4 1 , 1 0 2 0 0 ) ( ( h ( i , j ) , j = l , n ) , i = l , m )

! COMPUTING THE VARIABLES
i = = = = = = = = = = = = = = = = = = = = = = = =

! F d w ( i , j ) = d i s s o l v e d  f r a c t i o n  i n  w a t e r  
! F p w ( i , j ) = p a r t i c u l a t e  f r a c t i o n  i n  w a t e r  
! F d s ( i , j ) = d i s s o l v e d  f r a c t i o n  i n  s o i l  
! F p s ( i , j ) = p a r t i c u l a t e  f r a c t i o n  i n  s o i l  
! s c o n  ( i , j ) c o n c e n t r a t i o n  i n  s o i l  
! w c o n ( i , j ) = c o n c e n t r a t i o n  i n  w a t e r  
!p o r o = p o r o s  i t y  
! d n s t y =  s o i l  d e n s i t y  
! w c o n  < i , j ) c o n c e n t r a t i o n  i n  w a t e r  
! s c o n ( i , j ) c o n c e n t r a t i o n  o n  s o i l  i n t e r f a c e
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d o  2 1 0  i = l , m  
d o  2 0 0  j = l , n

F d w ( i , j ) = 1 . 0 / ( 1 . 0 + k d w * s u s m ( i ,  j ) )
F p w ( i , j ) = 1 . 0 - F d w ( i , j )
F d s ( i , j ) = 1 . 0 / ( p o r o + ( k d s * d n s t y * ( 1 . 0 - p o r o ) ) )
F p s ( i , j ) = 1 . 0 - F d s ( i , j )
e r o s n ( i , j ) = q s o r c ( i , j ) * k d s * ( F p s ( i , j ) * s c o n ( i , j ) ) * d e l t
q l ( i , j ) = e r o s n ( i , j )
d e c a y ( i , j ) = l a m b d a * h ( i , j ) * w c o n ( i , j )
d i f m a s ( i , j ) = v d * ( F d s ( i , j ) * s c o n ( i , j ) - F d w ( i , j ) * w c o n ( i , j ) )
a d v e c ( i , j ) = i n f i l t * F d w ( i , j ) * w c o n ( i , j )
q 2 ( i , j ) = ( d i f m a s ( i , j ) - d e c a y ( i , j ) - a d v e c ( i , j ) ) * d e l t

2 0 0  c o n t i n u e  
2 1 0  c o n t i n u e

! i f  (m o d ( t i m e , 1 0 0 0 ) . e q . 0 ) t h e n  
!p r i n t * , ' q s o r c e '
S p r i n t  1 0 2 0 0 , ( ( q s o r c ( i , j ) , j = l , n ) , i = l , m )
S p r i n t * , ' F d s '
S p r i n t  1 0 2 0 0 , ( ( F d s ( i , j ) , j = l , n ) , i = l , m )
S p r i n t * , ' s c o n '
S p r i n t  1 0 2 0 0 , ( ( s c o n ( i , j ) , j = l , n ) , i = l , m )
S p r i n t * , ' q l '
S p r i n t  1 0 2 0 0 , ( ( q l ( i , j ) , j = l , n ) , i = l , m )
S p r i n t *
! e n d i f

5 F I N I T E  DIFFERENCE COMPUTATIONS ( c o n c e n t r a t i o n  i n  w a t e r )

p r e d i c t i o n  s t e p  
b o u n d a r y  c o n d i t i o n s  
i = l  , j = 2 , n - 1

d o  4 0 0  j = 2 , n - l

w c o n p h ( l , j ) = w c o n ( l , j ) * h ( l , j ) - d t d x * ( w c o n ( l , j ) * u ( l , j ) * h ( l , j ) + w c o n ( 2 , j ) & 
* u ( 2 ,  j ) * h ( 2 ,  j ) ) - d t d y * ( w c o n ( l , j ) * v ( l , j ) * h ( 1 , j ) - w c o n f l , j - 1 ) * v ( l ,  j - l ) *& 
h ( l , j - 1 ) ) + e x d t d x * ( 2 * w c o n ( 2 , j ) * h ( 2 , j ) - 2 * w c o n ( l , j ) * h ( l , j ) ) + e y d t d y * &  
( w c o n ( 1 , j + 1 ) * h ( l , j + 1 ) - 2 * w c o n ( l , j ) * h ( l , j ) - w c o n ( 1 , j - l ) ) + q l ( l , j ) + q 2 ( 1 ,  j  )

w c o n p ( 1 , j ) = w c o n p h ( 1 , j ) / h ( 1 , j )

4 0 0  c o n t i n u e
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d o  4 5 0  i = 2 , m - l

w c o n p h ( i , 1 ) = w c o n ( i , 1 ) * h ( i , 1 ) - d t d x * ( w c o n ( i , 1 ) * u ( i ,  1 ) * h ( i ,  1)  &
- w c o n ( i - l , 1 ) * u ( i - l , l ) * h ( i - l , l ) ) &
- d t d y * ( w c o n ( i , 1 ) * v ( i , 1 ) * h ( i , 1 ) + w c o n ( i , 2 ) * v ( i , 2 ) * h ( i , 2 ) ) &
+ e x d t d x * ( w c o n ( i + l , 1 ) * h ( i + l , 1 ) - 2 * w c o n ( i , 1 ) * h ( i , 1 ) + w c o n ( i - l , 1 ) * h ( i - l , 1 ) ) &  
+ e y d t d y * ( 2 * w c o n ( i , 2 ) * h ( i , 2 ) - 2 * w c o n ( i , 1 ) * h ( i , 1 ) ) + q l ( i , 1 ) + q 2 ( i ,  1)

w c o n p ( i , 1 ) = w c o n p h ( i , 1 ) / h ( i , 1)

4 5 0  c o n t i n u e

! j = n  , i = 2 , m - l

d o  4 8 0  i = 2 , m - l

w c o n p h ( i , n ) = w c o n ( i , n ) * h ( i , n ) - d t d x * ( w c o n ( i , n ) * u ( i , n ) &
* h ( i , n ) - w c o n ( i - l , n ) *&
u ( i - l , n ) * h ( i - l , n ) ) - d t d y * ( w c o n ( i , n ) * v ( i , n ) * h ( i , n ) - w c o n ( i , n - l ) * v ( i , n - l ) *& 
h ( i , n - l ) ) + e x d t d x * ( w c o n ( i + l , n ) * h ( i + l , n ) - 2 * w c o n ( i , n ) * h ( i , n ) + w c o n ( i - l , n ) *& 
h ( i - l , n ) ) + e y d t d y * ( 2 * w c o n ( i , n - l ) * h ( i , n - l ) &
- 2 * w c o n ( i , n ) * h ( i , n ) ) + q l ( i , n ) + q 2 ( i , n )

w c o n p ( i , n ) = w c o n p h ( i , n ) / h ( i , n )

4 8 0  c o n t i n u e

! p o i n t ( l , l )  & p o i n t ( l , n )

w c o n p ( 1 , 1 ) = ( w c o n p ( 1 , 2 ) + w c o n p ( 2 , 1 ) ) * 0 . 5  
w c o n p ( l , n ) = ( w c o n p ( l , n - l ) + w c o n p ( 2 , n ) ) * 0 . 5

! i = m  , j = l , n

d o  5 0 0  j = l , n

w c o n p ( m , j ) = w c o n p ( m - 1 , j )

5 0 0  c o n t i n u e
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! i n s i d e  p o i n t s
I -  — — =  =  =  — — =  =  =  -  =  =  =

d o  6 0 0  i = 2 , m - 1  
d o  5 5 0  j  = 2 , n - 1

w c o n p h ( i , j ) = w c o n ( i , j ) * h ( i , j ) - d t d x *  ( w c o n ( i ,  j ) * u ( i ,  j ) * h ( i ,  j )  - w c o n ( i - l ,  j ) & 
* u ( i - l , j ) * h ( i - l , j ) ) - d t d y * ( w c o n ( i , j ) * v ( i , j ) * h ( i , j ) - w c o n ( i , j ) * v ( i , j - 1 ) * &  
h ( i , j - 1 ) ) + e x d t d x * ( w c o n ( i + 1 , j ) * h ( i + l , j ) - 2 * w c o n ( i , j ) * h ( i , j ) + w c o n ( i - l , j )*& 
h ( i - l , j ) ) + e y d t d y * ( w c o n ( i , j + 1 ) * h ( i , j + 1 ) - 2 * w c o n ( i , j ) * h ( i , j ) + w c o n ( i , j - l ) *& 
h ( i , j - l ) ) + q l ( i , 1 ) + q 2 ( i , l )

w c o n p ( i , j ) = w c o n p h ( i , j ) / h ( i , j )

5 5 0  c o n t i n u e  
6 0 0  c o n t i n u e

i ------------------------------------------ SEPERATING THE PREDICTION STEP -------------------------------
i ---------------------------------------- prom  THE CORRECTION STEP -------------------------------

c o r r e c t i o n  s t e p  
b o u n d a r y  c o n d i t i o n s  
i = l  , j = 2 , n - 1

d o  7 0 0  j = 2 , n - 1

w c o n c h ( l , j ) = w c o n ( l , j ) * h ( l , j ) - d t d x * ( w c o n p ( 2 , j ) * u ( 2 , j )&
* h ( 2 , j ) - w c o n p ( 1 , j ) * &
u ( l , j ) * h ( l , j ) ) - d t d y * ( w c o n p ( l , j + l ) * v ( l , j + l ) * h ( l , j + 1 ) - w c o n p ( 1 , j ) * v ( l , j )*& 
h ( l , j ) ) + e x d t d x * ( 2 * w c o n p ( 2 , j ) * h ( 2 , j ) - 2 * w c o n p ( l , j ) * h ( l , j ) ) + e y d t d y * &
( w c o n p ( 1 , j + 1 ) * h ( l , j + 1 ) - 2 * w c o n p ( l , j ) * h ( l , j )&
- w c o n p ( 1 , j - l ) ) + q l ( 1 , j ) + q 2 ( 1 , j )

w c o n c d ,  j ) = w c o n c h ( l ,  j ) / h ( l ,  j )

7 0 0  c o n t i n u e

! j = l  , i = 2 , m - l

d o  7 5 0  i = 2 , m - l

w c o n c h ( i , 1 ) = w c o n ( i , 1 ) * h ( i , 1 ) - d t d x * ( w c o n p ( i + 1 , 1 ) * u ( i + l , 1 ) * h ( i + l , l ) -& 
w c o n p  ( i ,  1 )  * u  ( i ,  1 )  * h ( i ,  1 ) )  - d t d y *  ( w c o n p ( i ,  2 )  * v ( i ,  2 )  * h ( i ,  2 )  - w c o n p  ( i ,  1)  & 
* v ( i , 1 ) * h ( i , 1 ) ) + e x d t d x * ( w c o n p ( i + 1 , 1 ) * h ( i + l , 1 ) - 2 * w c o n p ( i , 1 ) * h ( i , 1 ) + &  
w c o n p ( i - 1 , l ) * h ( i - l , l ) ) + e y d t d y * ( 2 * w c o n p ( i ,  2 ) * h ( i , 2 ) - 2 * w c o n p ( i , l ) *& 
h ( i , 1 ) ) + q l ( i , 1 ) + q 2 ( i , 1)

w c o n c ( i , 1 ) = w c o n c h ( i , 1 ) / h ( i , 1 )

7 5 0  c o n t i n u e
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d o  7 8 0  i = 2 , m - l

w c o n c h ( i , n ) = w c o n ( i , n ) * h ( i , n ) - d t d x * ( w c o n p ( i + 1 , n ) * u ( i + l , n ) * h ( i + l , n ) & 
- w c o n p ( i , n ) * u ( i , n ) * h ( i , n ) ) + d t d y * ( w c o n p ( i , n + l ) * v ( i , n + l ) * h ( i , n + l ) +& 
w c o n p ( i , n ) * v ( i , n ) * h ( i , n ) ) + e x d t d x * ( w c o n p ( i + l , n ) * h ( i + l , n ) - 2 * w c o n p ( i , n ) & 
* h ( i , n ) + w c o n p ( i - l , n ) * h ( i - l , n ) ) + e y d t d y * ( 2 * w c o n p ( i , n - l ) * h ( i , n - l ) - 2 * &  
w c o n p ( i , n ) * h ( i , n ) ) + q l ( i , n ) + q 2 ( i , n )

w c o n c ( i , n ) = w c o n c h ( i , n ) / h ( i , n )

7 8 0  c o n t i n u e

!p o i n t ( 1 , 1 )  & p o i n t ( l , n )

w c o n c ( 1 , 1 ) = ( w c o n c ( 1 , 2 ) + w c o n c ( 2 , 1 ) ) * 0 . 5  
w c o n c ( 1 , n )  = ( w c o n c ( 1 , n - 1 ) + w c o n c ( 2 , n ) ) *  0 . 5

! i = m  , j = l , n

d o  8 0 0  j = l , n

w c o n c ( m , j ) = w c o n c ( m - 1 , j )

8 0 0  c o n t i n u e

! i n s i d e  p o i n t s

d o  9 0 0  j = 2 , m - l  
d o  8 5 0  i = 2 , n - 1

w c o n c h ( i , j ) = w c o n ( i , j ) * h ( i , j ) - d t d x * ( w c o n p {i + 1 , j ) * u ( i + l ,  j ) * h ( i + l ,  j )& 
- w c o n p ( i , j ) * u ( i , j ) * h ( i , j ) ) + d t d y * (w c o n p ( i , j + 1 ) * v ( i ,  j + 1 ) * h ( i , j + 1 ) +& 
w c o n p ( i , j ) * v ( i , j ) * h ( i , j ) ) + e x d t d x * ( w c o n p ( i + 1 , j ) * h ( i + l , j ) - 2 * w c o n p ( i , j )& 
* h ( i , j ) + w c o n p ( i - 1 , j ) * h ( i - 1 , j ) ) + e y d t d y * ( 2 * w c o n p ( i , j - l ) * h ( i , j - l ) - 2 * &  
w c o n p ( i , j ) * h ( i , j ) ) + q l ( i , j ) + q 2 ( i , j )

w c o n c ( i , j ) = w c o n c h ( i , j ) / h ( i , j )

8 5 0  c o n t i n u e  
9 0 0  c o n t i n u e
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1 n e x t  t i m e  s t e p

d o  1 0 0 0  i = l , m  
d o  9 5 0  j = l , n

w c o n ( i , j ) = ( w c o n p ( i f j ) + w c o n c ( i , j ) ) * 0 . 5  
i f ( w c o n ( i , j ) . I t . 0 . 0 0 0 0 0 0 0 0 0 1 )  w c o n ( i , j ) = 0 . 0  
s c o n ( i , j ) = s c o n ( i , j ) - ( ( q l ( i , j ) + q 2 ( i , j ) ) * d e l t )

9 5 0  c o n t i n u e  
1 0 0 0  c o n t i n u e

! WRITING THE OUTPUT F I L E S  INTO t e s t . t x t  F I L E
I = = = = = = = = = = = = = = = = = ----------------------------------------------------------------------

w r i t e ( 1 1 , 1 0 2 0 0 ) ( ( s c o n ( i , j ) , j = l , n ) , i = l , m )  
w r i t e ( 1 2 , 1 0 2 0 0 ) ( ( w c o n ( i , j ) , j = l , n ) , i = l , m )  
w r i t e ( 1 4 , * ) ' F d w 1
w r i t e ( 1 4 , 1 0 2 0 0 ) ( ( F d w ( i , j ) , j = l , n ) , i = l , m )  
w r i t e ( 1 4 , * ) ' = = = = = = = = = = = = = = = = = = = = = = = = = = '
w r i t e ( 1 4 , * ) ' F p w '
w r i t e ( 1 4 , 1 0 2 0 0 ) ( ( F p w ( i , j ) , j = l , n ) , i = l , m )  
w r i t e ( 1 4 , * ) ' = = = = = = = = = = = = = = = = = = = = = = = = = = '
w r i t e ( 1 4 , * ) ' F d s '
w r i t e ( 1 4 , 1 0 2 0 0 ) ( ( F d s ( i , j ) , j = l , n ) , i = l , m )  
w r i t e ( 1 4 , * ) ' = = = = = = = = = = = = = = = = = = = = = = = = = = '
w r i t e ( 1 4 , * ) ' F p s '
w r i t e ( 1 4 , 1 0 2 0 0 ) ( ( F p s ( i , j ) , j = l , n ) , i = l , m )  
w r i t e ( 1 4 , * ) ' = = = = = = = = = = = = = = = = = = = = = = = = = = '

i f ( M O D ( t i m e , 5 0 0 ) . e q . 0 )  t h e n

I p r i n t * , ' t i m e  s t e p ' , t i m e
I p r i n t  1 0 2 0 0 , ( ( s c o n ( i , j ) , j = l , n ) , i = l , m )
i p r i n t *

w r i t e ( 1 3 , * ) ' q l '
w r i t e ( 1 3 , 1 0 4 0 0 ) ( ( q l ( i , j ) , j = l , n ) , i = l , m )  
w r i t e ( 1 3 , * ) ' = = = = = = = = = = = = = = = = = = = = = = = = = = '
w r i t e ( 1 3 , * ) ' d i f m a s '
w r i t e ( 1 3 , 1 0 4 0 0 ) ( ( d i f m a s ( i , j ) , j = l , n ) , i = l , m )  
w r i t e ( 1 3 , * ) ' = = = = = = = = = = = = = = = = = = = = = = = = = = '
w r i t e ( 1 3 , * ) ' a d v e c '
w r i t e ( 1 3 , 1 0 4 0 0 ) ( ( a d v e c ( i , j ) , j = l , n ) , i = l , m )  
w r i t e ( 1 3 , * ) ' = = = = = = = = = = = = = = = = = = = = = = = = = = '
w r i t e ( 1 3 , * ) ' q 2 '
w r i t e ( 1 3 , 1 0 4 0 0 ) ( ( q 2 ( i , j ) , j = l , n ) , i = l , m )  
w r i t e ( 1 3 , * ) ' = = = = = = = = = = = = = = = = = = = = = = = = = = 1
w r i t e ( 1 3 , * ) ' c o n c e n t r a t i o n  i n  r u n o f f '  
w r i t e ( 1 3 , 1 0 4 0 0 ) ( ( w c o n ( i , j ) , j = l , n ) , i = l , m )  
w r i t e ( 1 3 , * ) ' = = = = = = = = = = = = = = = = = = = = = = = = = = '
w r i t e ( 1 3 , * ) ' c o n c e n t r a t i o n  o n  s o i l  s u r f a c e '
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w r i t e ( 1 3 , 1 0 4 0 0 ) ( ( s c o n ( i , j ) , j = l , n ) , i = l , m )  
w r i t e ( 1 3 , * ) ' = = = = = = = = = = = = = = = = = = = = = = = = = = •
w r i t e ( 1 3 , * ) ' s u s p e n d i e d  s o l i d  c o n c e n t r a t i o n '  
w r i t e ( 1 3 , 1 0 4 0 0 ) ( ( s u s m ( i , j ) , j = l , n ) , i = l , m )  
w r i t e ( 1 3 , * ) ' = = = = = = = = = = = = = = = = = = = = = = = = = = '
w r i t e  ( 1 3 ,  *)  ' F d w '
w r i t e ( 1 3 , 1 0 4 0 0 ) ( ( F d w ( i , j ) , j = l , n ) , i = l , m )  
w r i t e ( 1 3 , * ) ' = = = = = = = = = = = = = = = = = = = = = = = = = = '
w r i t e ( 1 3 , * ) ' F d s '
w r i t e ( 1 3 , 1 0 4 0 0 ) ( ( F d s ( i , j ) , j = l , n ) , i = l , m )  
w r i t e ( 1 3 , * ) ' = = = = = = = = = = = = = = = = = = = = = = = = = =  1

e n d i f

v a v g = ( s q r t ( ( v ( 5 , 1 ) * * 2 ) + ( u ( 5 , 1 ) * * 2 ) ) + s q r t ( ( v ( 5 , 2 ) * * 2 ) + ( u ( 5 , 2 ) * * 2 ) ) + &  
s q r t ( ( v ( 5 , 3 ) * * 2 ) + ( u ( 5 , 3 ) * * 2 ) ) + s q r t ( ( v ( 5 , 4 ) * * 2 ) + ( u ( 5 , 4 ) * * 2 ) )+& 
s q r t ( ( v ( 5 , 5 ) * * 2 ) + ( u ( 5 , 5 ) * * 2 ) ) ) / 5 . 0

h a v g = ( h ( 5 , 1 ) + h ( 5 , 2 ) + h ( 5 , 3 ) + h ( 5 , 4 ) + h ( 5 , 5 ) ) / 5 . 0

w c a v g = ( w c o n ( 5 , 1 ) + w c o n ( 5 , 2 ) + w c o n ( 5 , 3 ) + w c o n ( 5 , 4 ) + w c o n ( 5 , 5 ) ) / 5 . 0  

Q c a v g = v a v g * h a v g * w c a v g *  2 0 0 0

i f ( M O D ( t i m e , 1 2 0 0 ) . e q . O )  t h e n

w r i t e ( 7 1 , 1 0 3 0 0 ) w c o n
p r i n t  1 0 5 0 0 , t i m e , v a v g , h a v g , Q c a v g

e n d i f

1 0 2 0 0  f o r m a t ( 5 F 8 . 5 )
1 0 3 0 0  f o r m a t ( 5 F 1 5 . 7)
1 0 4 0 0  f o r m a t ( 5 F 1 4 . 1 1 )
1 0 5 0 0  f o r m a t ( I 7 , 3 X , 4 F 1 5 . 4 )
1 0 6 0 0  f o r m a t ( 4 X , ' t i m e 1 , 1 1 X , ' e m / s ' , 1 3 X , ' e m ' , 1 2 X , ' B q / s ' , / &  

4X,  '  ' , 11 X ,  ' ---------' ,  1 3 X ,  ' , 12 X ,  • - - - ' )

1 0 0 0 0  c o n t i n u e

p r i n t * , ' n o r m a l  t e r m i n a t i o n '  

e n d
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