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Le niisseiiement de d a c e  causé par la pluie transportant des polluants qui atteignent la 

d a c e  du sol sous forme Iiquide ou solide est une source de polIution non ponctuelle. 

Le degré de polIution, pmvenmt d'une source non ponctuelle7 qui se produit a un endroit 

donné, dépend des conditions locales hydrologique, jéopphique et &logque, et varie 

selon les conditions climatiques régiondes. Pour analyser quantitativement la source de 

pollution non ponctuelle dans un envimmement himude, il faut simuler en même temps 

le champ d'éoulement et le transport de la masse en utiIisant Ie modéle nrmiérique 

approprié- 

Le but de cette étude est d'améliorer de manière significative la pratique courante basée 

sur Ia modélisation mathématique du aansport des polluants de source non ponctuek 

présents dans Ie missellement de d a c e .  Cette modélisation rend entièrement compte 

de  évolution de la source de poIIution non ponctuelle causée par le misseIIexnent 

p1wia.i en rapport avec kf ikat ion,  la dissolution et L'adsorption. 

La contri3ution de cette étude est dans: 

L'étude des meCesmes de transport des poIIuants dans le ruissellement de &ce 

en tenant compte des effects de I'lnfiItration, du taux de solu6iIité et de fadsorption, 

aimÎ que Ie déveIoppement d'un modèIe nmnén'que de simdation intégrée, 



La présentation du schéma de canne1ure cubique et l'évaluation de sa mise en 

application comme solution technique pour le traitement numérique du modèle, 

La présentation du queIques résultats généraux qui indiquent la flexibrlitk du modèle 

et son utilité à prévoir le sort ultime d'un poiIuant placé sur une surface. 

Le modèIe numérique complet comprend Les équations de St.Venant, Ies équations 

drinfi.Itration, Rquation du taux du soIubiIité, Equation d'adsorption et l'équation du 

transport des polluants. Les équations bidimensiomeks de St-Venant, basées sur Ies 

principes de la continuité et de la quantité de mowement, sont employées pour décrire la 

variabilité des conditions du ruisseIIement oh sont considérées les effets de la rugosité, 

de Pintensité des précipitations et de L'infiltration dans Ie sol. Les équations de Green- 

Ampt et de Horton sont employées pour caractériser les processus binfÏitration. 

Ltééquation du taux de solubilité est basée sur le comportement physico-chimique du 

polluant dans le ruisseIIement et, faisant appel 5 l'anaiogie entre Ia masse et le transfert 

de quantitk de mouvement, est utilisée pour simuler la transformation d'un polluant de sa 

phase solide à sa phase Iiquide. Le processus de l'adsorption-désorption peut être l'objet 

d'un calmi par approximation au moyen d'équations chétiqueses Quant à I'advection, 

L'équation de diffusion est utilisée pour suivre et tracer la migration de Ia concentration 

du pohant et, &dement, prévoir le sort uithe du poUuant solide placé sur une d a c e .  



Dans cette étude, les caract&istiques de rentrée, de la sortie et des processus 

d'intervention de l'évolution des polluants dans une région donnée est directement 

simulée. Les entrées du modèle comportent des données des composantes spatiales, des 

précipitations et des conditions du sol, des polluants et de la terre ferme. Les sorties du 

modèle comprennent la concentration des polluants dans le ruissellement et, 

conséquemment. la distribution de la quantite totale des polluants. 

Un ensemble d'équations kgissant le système complet a été numériquement intégré en 

utilisant le schéma de cannelure cubique. Ce schéma est d'abord introduit pour simuler 

Ie modèle du misseiiement aqueux peu profond, lequel, selon nous. n'a pas été exploré 

jusqu'à maintement. il est basé sur Ies rapports de cannelure cubique où l'interpolation 

de polynômes de niveau plus élevé peut être construite. 

La pnticabilitk du modèle numérÏque a été vérifiée par trois cas pour lesquels Ies 

solutions analytiques existent et les résultats qui y apparaissent sont conformes aux 

solutions analytiques. En outre, le modèle a été validé de manière satisfitisante en le 

comparant à des données de terrain déjà publiées. Toutefois, les données comparables 

étant encore restreintes, des séries d'expériences de Iabontoire sont entreprises à i'Ecole 

Polytechnique. Globalement, I'otilisation de ce modère montre que Ie résultat optimal 

obtenu se compare favonbiement aux données expérimentdes existautes. 



La bonne correspondance obtenue entre les résukats numériques et les données 

expérimentaies confilme que notre modèle numérique est un outil fiable pour prédire le 

transport des polluants dans le ruissellement de surface. Le modèle peut être utilisé pour 

produire quelques résultats généraux dans la prédiction du sort final d'un polluant 

appliqué à une surface. On peut égaiement conclure que le schéma de cannelure cubique 

est une technique de solution attrayante et flexible pour la résoiution numérique du 

modèle en nison de sa grande précision, de son temps cdcul plus court et de la facilité 

de son application. 



PoIIutants which have been applied to the soil d a c e  in either Iiquid or soIid f o m  are 

susceptible to washoff by d a c e  nmoff caused by a &al1 episode. This contaminated 

nmoff is usuaiiy discharged at rmlmown instants of the into the water system (which 

here is taken to mean the grouuidwater and surface water environment) with uncertain 

values of concentration. The degree ofnon-point source polIution that occurs at a given 

location is infîuenced by the local hydroIogy, geography, topography and geological 

conditions, and varies with the change of time and district To quantitativeIy anaiyze 

non-point source pouution in the aquatic environment, both the flow field and mass 

transport must be siniulated SimuItaneousIy using an appropriate numerical model. 

The goal of this study is to make a signincant improvement over c m t  practice on 

numerical modehg of non-pumt source polIutant washoff and transport in overiand 

fi ow, Specific objectives ofthis study are: 

to investigate poilutant transport mechanisms in overIand fiow, 

to devdop a .  mtegrated n m & d  mode1 Uicorporating the e f f i  of f tration, 

s o l u b ~  rate, advection-diffosion and adsorption, 

r to develop a varÎant of the cribic sphe mtegrwion scheme to obtah numerid 

solutions to the mathematical model, r d h g  in greater flexibility and efficiency. 



The compIete nummCcal mode1 consists of the StVenant equations, plus eqyations 

des&g the iafiltration rate, the soIubZty rate, the adsorption characteristics and the 

poiiutant transport. The two4memÏonal StVenant equations based on continuity and 

momentum principles are used to desaïe the variability of fiow conditions, in which 

the effects of surface roughness, rainfall intensity and soiI infiltration are comidered. 

The Green-Ampt and Horton equations are used to characterize the infiItration processes. 

The solubility rate equation is coll~tntcted based on the physico - chernical behavior of 

the pollutant in ovaland flow. It draws on the andogy between mass and rnornentirm 

transfer and is used to simulate the dissolution process of the soiid pollutant into the 

iiquid phase. The adsorptiondesorption pmcess may be approximated by equations 

descnbing the kinetics. The advection - diaision equation is applied to trace the 

migration of the dissoIved poiIutant and haIiy predkt the dtimate fate of the d a c e  

appüed solid pollutant 

Mode1 inputs coosist o f  four spath1 data components: rainfd, soiI conditions, pohtants 

and land (topography) conditions. Mode1 outputs conskt of m o f f  and its associated 

poiIntant concentration in the i .trated and rtmoEcomponents and conseqpently, the 

spatial and temporai 6istniution of the totaI poilntaat quantity. 

The set of eqaations goveniing the compfete system hm been întegrated num&dy 

d g  the cubÏc sphe scheme. This scherne has been successfiilly appIied to 



numeridy simulate the d k t y  induced ciradation in estumies. It has not however, 

been used to obtain solutions to the sh&ow water wave equatiom. The scheme is based 

on the cubic spiine relationships which form the interpoIating poIynomials of hi* 

order between mesh points. The main advantages of  the scheme are its hÏgher accuracy, 

its abüity to lend itself to direct formulations in t m s  of the ftmction values, finit 

derivatives or second derivatives and Iower computational t h e  while avoiding a 

cornplex formulation. 

The model was verined by three cases for which andy'cal solutions are avaiiabIe and 

the r d t s  are shown to be in close agreement, In addition, satisfactory validation of  the 

mode1 against pubIished field data for the hydrauiics o f  rainfaII-nmoff has been 

accomplished. Since complete data is unavailable in the open Iiterature, a series of 

labonitory tests were conducteci. The experimentai resuits compare favorably with the 

mode1 performance. 



LE TRANSPORT DES POLLUANTS DANS LE RUISSELLEMENT 

DE SURF'ACE AVEC SES EFFETS DE DISSOLUTION, 

D'INFILTRATION ET DvADSORPTION 

INTRODUCTION 

C'est un f i t  inéluctable que la protection de L'environnement de l'eau est devenue une 

question importante dans nos vies. La phpart des concepts et des problèmes liés à Ia 

poIIution de l'eau ne peuvent pas être concidér6s sans une bonne compréhension de la 

source des polluants et de leur sort ultime dans I'mviromement n'est pas acquise- 

Les sources de polluants peuvent être classifiées seIon deux catégories principal: les 

source natureIIes et Ies source artincielles. De pIus, ces catégories peuvent être 

subdivisées en sources dites de ponctuelle et de non ponctuelle. Les eaux de d a c e  qui 

proviennent des pr6cÏpitatr'ons transportant des polluants et atteignant Ie SOI sous forme 

IÏquide ou solide, entrent dans Ia catégorie des sources de pollution non ponctueile. Les 

facteurs externes de pouution de source non ponctueiie sont Ies précipitations et le 

nirisseliement p1wia.i qui en résulte. La plupart des situations de poIIution de source non 

ponctueile ne sont pas directement contrûlables. L'analyse quantitative des poUuants est 



une étape du développement des techniques qui visent le contrôle de la pollution dans 

I1envüonnement humide. 

Dans cette étude, les caractéristiques de rentrée, de la sortie et du processus 

d'intervention des polluants pour une région sont directement simulées. La source de 

poIIuant non ponctuelle est quantitativement analysée par i'utilisation des modèles 

physi*ques conçus pour cette h. Cependan& le transport de polluant dans le 

missellement de surface est M phénomène compliqué. Les solutions analytiques pour ce 

type de problème ne sont pas possibles, sauf en posant de hypothèses très restrictives. 

La plupart des recherches publiées traitent numériquement le phénoméne en modélisant 

séparément I'hydraulique et les procédés de transport. Par conséquent, les modèles 

disponibles se limitent généralement a une description partielle des processus compIexes 

qui se produisent, tels que I'hycirauiÏque, le comportement dlinfiItration aussi bien que 

l'advection et la diffusion, encore que chacun de ces processus, pris individuellement, ait 

déjg été bien étudié. 

Notre revue de la Iittérature sur ces recherches indique très peu de travaiI a été consacré 

ik la modéIisation du niissellement de d a c e  et du transport des poIIumts de source non 

ponctuel1e- Yan (1995). Yan et Kahawita (1997, 1998) ont déveIoppé un modèle 

numérique pour simuler Ie procasas entier comprenant Ie reuissellement de d a c e  et Ie 

transport de polluant non ponctuelIe. Ces études ont traite du probIème compIexe par 



une approche intégrée de modelisation du comportement hydraulique du ruissellement 

de surface avec infiltration, laquelle est couplée le transport et les caractéristiques 

chimiques d'un polluant particulier. Cependant, il reste une certaine incertitude, 

particulièment en ce qui concerne l'effet de L'adsorption et l'équation du taux de 

solubilité. II y a égaiement un réel besoin de concevoir et d'incorporer dans le modèle 

de simulation des traitements numériques plus efficaces et plus précis. 

Ce travail actuel vise à développer un modèIe numérique bidimensionnel complet pour 

simuler le ûansport des poI1uants de source non ponctuelle dans le ruissellement de 

surface, en tenant compte de comprenant l'effet de l'inoltration, de la pluie et de la 

solubiiïté. Plus spécifiquement, lVef.fet de l'adsorption est inséré dans le modèle en 

premier lieu puis le schéma de canneIure cubique est ensuite introduit pour simuler Ie 

modèle- 

Les objectifs spécifiques de cette étude sont: 

I) examiner les mécanismes de transport des polIuânts dans le ruîsseIIernent de sinface 

en tenant compte des effets de I'mfiltration, du taux de soIubiIité et de I'adsorption 

puis déveIopper un modère de siindation numérique mtégré, 

2) introduire Ie schéma de cannelure cubique et évaluer son exécution en tant que 

soIution technique pour le traitement nmnhtque du modèle. 



3) présenta qudques résultats généraux qui indiquent la flexibilité du modèle et son 

utilité anii de prévoir le sort ultime d'un polluant placé sur une sinface. 

REWE BIBLIOGRAPHIQUE 

It y a une rnuititude de méthodes pour modéliser les caractéristiques physiques du 

ruissellement de surface causées par les précipitations, I'infiltratiotl et le phenomène du 

transport. Cependant, Ia simulation numérique des polluants de source non ponctueHe 

dans le rtsisseUement de &ace n'a pas beaucoup attiré l'attention des chercheur pour 

étudier le cas des vitesses très vanabIes ou celui où les effets de lvinnltration, des 

précipitations, de la sohbiiité et de l'adsorption sont incorporés au rnodèIe. Jusqu'B 

maintenant, la recherche s'est concentrée sur la modélisation numérique hydraulique ou 

sur le phénomène du transport Le compte rendu sommaire de ces recherches apparait 

dans les Tableaux 1,2,3 et 4. 

La simulation numérique da processus complet comporte tes équations de St-Venant, les 

équations d+~trat ion,  L'éqnatÏon du taux de soIubilité, l'équation d'adsorption et 

l'équation du transport des poIIuank Les équations bidimensionnelles de StVenant 

basées sur des principes de conthmité et de ~uantité de mowement sont employées pour 



décrire la variabilité des conditions du ruissellement pIuvid dans IesquelIes sont 

considérEes les effets de la rugosité, de I'htensité des précipitations et de I'infÏtration 

dans le sol. 

Les équations de Green-Ampt et de Horton sont employées poar caractériser les 

processus d'infiltration. La mise en équation du taux de soIubiIité est construite sur la 

base du comportement physico-chimique du polluant dans le ruissellement de surface et 

par une représentation analogique entre la masse et le transfert de la quantité de 

mouvement, lesquels établissent le modèle de la dissoIution d'un polluant solide passant 

à Ia phase Iiquide. Le procédé d'adsorption-désorption peut être calculé 

approximativement par des épations appropriées basées sur la cinétique. Enfin, 

L'équation d'advection-difision est utilisée pour retrouver ce qu'il advient finalement du 

polIuant. 

Pour obtenir une simulation correcte du modèle d é d  ci-dessus, iI est nécessaire 

d'utiliser des techniqnes numériqaes adéquates qui permettent d'évaiuer le sort uItime 

du polIuant appliqué sur Ia d a c e .  ta technique numérique choisie pour cette étnde est 

Ie schéma d'intégration de canneitlfe cubiqoe. Ce schéma a été utüisé avec succès poar 

résoudre une variété de problèmes d'éconlement visqueux aussi bien que des problèmes 



Tableau (1) L'Examen de Modèle Ruissellement 

Année 

L967 

Dimension Physique Condition Schéma 
Numérique 

Caractérisîiques. 
scfiémas 
explicite et 
miplicite 
Un schéma de 
différences 
f i e s  implicite à 
quatres-points 
Schéma basé sur 
Ia combinaison 
du sch6ma de 
Lax-Wendroff 
avec des 
modifications de 
Burstem et de 
La~idus 

RuisseIlement avec Ies 
d a c e s  plates homogènes 

Akan et 
Yen 

RuisseiIement avec Ies 
nirfaces plates homogènes, 
écodements souterrain et 
de surface ont été décrits 

Chow et 
Ben-Zvi 

Ruissellement dans lequel 
touts les termes connexe à 
I'accélération convective 
ont été negligés 

Wood et 1 Arnold 
Approximation d'onde 
chématiaue 

Le schéma de La 
' 'bo"iteP7 

Katapodes 
et Streikoff 

Yokoyama 

RuisseIlement rédtant 
d'une mture de barrage 

Caractéristiques 

Ruissellement sans 
variabSté spatiale de 
vitesse d'îdiItration et de 
rugosité 

Méthode 
d'éléments f i s  

-- -p 

RuÏssekment comprenant 
la rugosité, l'inmtration et 
Ia microtopographie 
extérieures, Tes résuitab 
ont été partieIiernent 
v&ïZés avec des 
expériences sur te terrani 

Exacte jusqu' an 
second degré 
Méthode 
expIÏc5te de 

Ëqyations d'ondes 
cinématicpes comprenant 
Ia rugosité, I'Stration et 
le microtopographic 
extérieures avec des 
expériences sur Ie terrab. 



xix 

Tableau (2) Modèle de L'Infiltration 

Année Contenu Auteur 

IIs ont conçu une méthodologie pour appliquer le modèle 
de Green-Ampt & une entrée régulière de précipitation: 
Ils ont développé une procédure pour déterminer la valeur 
du panmètre capillaire d'aspiration utilisé dans le modèle. 

IIs ont montré comment les équations empiriques en 
représentant salissent les propriétés hydrauliques. 

Chu Il a démontré l'applicabiiité du modèle pour l'usage dans 
des conditions de précipitation instable. 

~~~~~ - - - -- 

Os ont tracé les grandes lignes d'une procédure pour 
déterminer les paramètres de Green-Ampt basée sur des 
propriétés du sol et utilisant le specm complet 
d'information d'enquête de sol. 

RawIs et ai. 

Ii indique que le modèle de Green-Arnpt ont prévu le 
volume d'écoulement et la décharge de cete mieux que le 
modèle de courbe-nombre- 

James et ai. 11s ont déveioppé un modèle numérique pour I'appfication 
de i'équation binfitraaon de Green-Ampt à une ligne de 
P-S- 

II a modélisé L'infiItration pendant l'ordre complexe de 
précipitations, y compris la représentation d'un ordre de 
MiIrnon-rediseibutkm fait un cycIe avec la saniration 
ne menant pas à salir la saturation extérieure, et les 
périodes de pricipitations de L'intensité moins que la 
capacité d'infiltration de sol. 

L'ididtration est modélisée en tenant compte du 
changement de 11 conductivité hydmriique sous des 
précipitations simulées conditiomées, ie str~cture 
stochastique de la conductivité hydraulique a été 
Ïncorporée daas Ies modèies d'uimtrauon Green-Ampt et 
de Mein-Laison- 

Gupta et ai 



Tableau (3) ModèIes Num6riques des Phénomènes de Transport 

Li 

Luk et 4. 

I 
Chen et 

Fdconer 

Année Descriptions 

Modèle bidirnensionneIIe d'équations de difision 

sans advection ou avec I'advection unidimensionnetle. 
- 

Discrétisation élevée d'exactitude de l'équation 

bidimensionneUe de diffusion et d'advection. 

Modèle unidimensionnelle pure d'advection avec une 

vitesse constante- 

Modèle bidimensionnel qui mélange des polluuirs 

dans le flux stationnaire dans un canal non prismatique 

nanirai. 

Modèle bidimensionnel source-libre transport d'une 

masse scalaire de concentration de polluant dans un 

cmai ouvert en utilisant ['équation badvection. 

Ii a déveioppé le modèle d'équation d'ondes à 

l'équation rnultidimensionneiIe de transporr la pièce 

d'advection résolu par i'équation d'ondes. 

qui traÏtent des estuaires. Il n'a pas été utiIisé dans les conditions d'eau peu profonde. 

L'avantage principal du schéma de cannelure cubique est sa grande exacntude, son temps 

. de caIcui CO- son mailIage variable tout évitant une formulation complexe. En nison 



de ses avantages, il sembIe que le schéma de cameIure cubique puisse être utilisé dans 

toutes les disciplines. 

Tableau (4) La Modele de'Adsorption 

I Auteur 

Utilisée modèle de l'adsorption disponible pour 
évaluer des équations cinitiques et d'équziibre 
pour la prévision du mouvement de pesticide 
Dar des medias ooreux 

Van Der Zee 

1985 1 A étudié les effets du comportement de sorption 
1 sur le transfert de contaminant et a examine la 

1 pour le cas du transport de corps dissous avec la 
1990 

1 sorption non héaire, quand Ia cinétique de 

nature de quelques effets 
Dérivées Ies solutions de déplacement de vague 

I sorption peut être décrite avec une expression 
de ~remier ordre de cadence 

1992 1 ModeIé a d v e c h  de corps dissous coupIée à la 
chétique de sorption dans hétérogènes des 
formations 

1 Bosma et ai. 1 1992 1 Proposées approxknations analytiques pour le 
1 1 1 transport adsorbant non héaire de corps 

Barone et ai. I 
coefncient d'adsorption pour plusieurs espèces 
orgauÏques volatiles dans un media saturé, 

1992 
dissous dans posés Ies SOIS 
A présenté une évaiuatïon d'diaision-essai de 
laboratoire du coefficient de diffusion et du 

pourrait représenter un éventd de corps 
dissous organiqyes à plusieurs composants et 
dÎIués dans Ie soluté, adsorbée sur k charbon 
actif 

Khan et al, 1996 
relativement calme, argileux m sol 
A déveIoppé mie éqaation généraMe qui 



Afin d'évaluer I'applicabilité et l'exactitude du modèle, des observations doivent être 

faites pour comparer la prévision numérique avec des données expérimentales et des 

solutions analytiques. Dans cette &tude. la validité du modèle a été faire en comparant à: 

Des données analytiques de solutions, 

O Des résultats expérimentaux tires des publications scientifiques, 

Des résultats expérimentaux. 

La vérification du modèle numérique est dabord confrontée à des équations analytiques 

unidimensionnelles incluant les équations de transport et L'équation d'adsorption. Puis, 

les résultats numériques de In partie hydraulique sont comparés aux ksu1t;its en utilisant 

le schéma de différences finies (Yan, 1995) et aux données expérimentdes tirés des 

publications scientifiques (Ta*, 1993). Les résultats numériques concordent bien 

avec 17utilisation de la méthode numérique différent et avec les données observées. En 

outre, une série d'expériences au laboratoire sont conduites pour simuler le transport des 

pofIuants dans le ruissellement de d a c e .  Lt but de ces expériences est d'évaluer les 

capacités du modèle numérÏque en le comparant qualitativement avec des valems 

observées. Tous [es résultats montrent que les résuItats numériques s'accordent bien 

avec les données expérimentdes. Le sommaire de deux séries de conditions de test 

expérimentai est énumérée dans les Tableaax 5 et 6, respectivement 



Tableau (5) Sommaire des conditions des séries 1 d'expérience 

No. Surface 

(inférieure) 

rugosité 

L 

3 1 Tapis d'herbe 

Contre-plaqué 

avec de petits 

grains de sabIe 

i 

2 

Tapis d'herbe 

Contre-plaqué 

avec de grands 

@ns de sable 

Idem I Idem 

NaCI appliqué 

unifonnément 

Pente de 

canalisation = 

OAICl5, 

1.65m,3.3m, 

4.9Sm,6.6m9 

8.35m ascendante 

de Ia fin 

Idem 

La solution 

de sel est 

uniformément 

pulvérisée 

rdem 

Idem Idem 

idem Idem 

Pente de 

canaiisation = 

0.0 1 

Le se1 est 

appliqné à une 

tache 

La bonne correspondance obtenue entre Ies soIutions numériques et les données 

expérimentaies c o n f i e  qne le schéma dktégration de cannelure cubique est un outil 

fiable pour prédire Ie nanspoa des polIuants dans k ruÎsseiIement de surface. 

333Sm, 4,59m, 

5.995m ?.245m, 

8.35m ascendante 

de Ia fin 



Tableau (6) Sommaire des condiüons des séries 2 d'expérience 

sufiace 

(inférieure) 

mgosi té 

Cadence de 

précipitations 

Vs 

Durée 

(SI 

Quantité de 

polluant 

Tapis d'herbe 

Tapis d'herbe 

~ a ~ i s  d'herbe- Glycerol- 

phosphate 

Tapis d'herbe GIycerol- 

phosphate 

Tapis d'herbe 



RÉSZILTATS ET ANALYSE DE SENSIBILITÉ 

Les résultats numériques montrent l'importance de la constante du taux de réaction, de la 

solubilité, du coefficient de d i h i o n  et de L'adsorption. Le test de sensibilité des 

paramètres du modèle indique que la solubilité et la constante du taux de réaction sont 

des paramètres sensibles dans Ia modélisation de la dissolution des polluants. Les 

polluants qui ont une solubilité plus élevée se dissolvent plus rapidement que ceux de 

solubilité inférieure. La constante du taux de réaction non dimensionnelle k, est 

présumée dépendre seulement des caractéristiques de solubilité du polluant Les 

polluants ayant une plus grande valeur de constante se dissolvent plus rapidement que 

ceux qui ont une pius petite valeur. 

CONCLUSIONS 

Le modèle numérique complet a été déveIoppé pour simuier le transport des poIIuants de 

source non ponctuelle dans le de surface en tenant compte de Finfiltration, 

des précipitations et de la dissolutioa, spécifiquement avec L'effet de Ia vitesse de 

solubilité et de l'adsorption L'applicabilité du modèIe au transport bidimensionneI de 

poffuant dans le niikseiiernent de d a c e  a été démontrée compte tena des effets de 

L'infiiItration, de la dissoIution, de la di8ùsion et des différents produits chimrhimrqneses 

Globalement, Ies résuItats obtenus en ntiIÏsant ce modère sont considérés comme bons 



Le modèle peut être employé pour produire quelques résultats généiux sur Ie son uItime 

d'un poIluant appliqué à une surface. 

La pnticabiiité du modèle numérique o été vérifiée par companison avec des équations 

anaiytiques, des données d'observation extraites des publications scientifiques et des 

données obtenues à partir de séries d'expériences au laboratoire conduites à IrEcole 

PoIytechnique. La bonne correspondance obtenue entre les résuItats numériques et les 

données expérimentales anisi que les solutions analytiques confinne que le modèle 

numérique est un outil fiable pour prédire le transport des polluants dans le ruissellement 

de surface. 

En s'appuyant sur les résultats de notre recherche, on peut affirmer que le schéma de 

cannelure cubique est une technique de solution attrayante et flexible pour la  solution 

numérique du modèle en raison de son exactitude ilevée, de son temps de calcul pIus 

court et de sa facilite &application. 
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CHAPTER 1: INTRODUCTION 

It is an inescapable fact that protection of the water environment has become an 

important issue in our tives. Most of the imponmt concepts and problems related to 

water polIution cannot be appreciated unless a good understanding of the pollutant 

source and its ultimate fate in the environment is acquired. 

Pollutmt sources fdl into two basic categones: naturd and &ficiai. They c m  be 

hrther subdivided into point sources and non-point sources. Sufiace ninoff caused by 

rainfdI carrying pollutants which have been applied to the soi1 surface in either Iiquid or 

soIid form is under the non-point source pollution category. Non-point source pollution 

has the foff owing charactefistics: 

1) Nonpoint sources of pollution are diffuse sources; the pollutants. such as fertilizes, 

pesticides or animal wastes with nutrient vaiues, ongrnate from a Iuge area and are 

discharged into the water body in mute concentrations that are dependent on the 

hydrological conditions. 

2) Before pouutants enter the water body, the= are transport processes that occur over a 

wide region, accompanied by dissolution, dispersion and infiItration. 



3) Non-point source pollutants are usuaiiy dischargecl at tmknown instants of tune into 

the water system with uncertain values of concentration, These factors are innuenced by 

unexpected nahnaI conditions, or the accidental discharge of poUutants. 

4) The degree of non-point source pollution that occurs at a given hcation is mfiuenced 

by the local hydroIogy, geography and geoIogicai conditions, and varies with the change 

of time and district, 

The externai factors that cause ph tan t  transport are rainfi and the consequent nmoE 

Most situations of non-point source pollution cannot be directly controlIed. The 

quantitative anaiysis of pollutants is a step in developing techniques to control pollution 

in the aquatic envkonment In & e n d ,  there are two ways to study the transport 

characteristics of non-point poiIutant sources. One is based on the study of the output 

characteristics of pollutants in a region by simufating the three main iïnks: rainfi- 

mnoff, soi1 erosion and poiiutant transpot The other is to analyze the water quaiity of 

the receiving water body, tbat is, by analyzing and calculating the quantities of polIutants 

m the receiving water body, this dows one to stndy the output characteristics of the 

region and then try to converge on the source of poilution. The diffeience between the 

two methods is that the fornier directIy srnidates the mput, output and hterveaing 

processes, whÎIe the Iatter is an indirect method which seeks to control the poIIution on 

the basis of a monitoring strategy. In this study, the former technique is used to 

quantitaîiveIy analyze the non-point source poIIutant by the use of physidy based 



rnodeIs for the process. Many shidies have been conducted in this way with the 

determùiistic method being usudy ernployed. Howeva, the poiIutant transport in 

overIand flow is a complicated phenornenon, AndyticaI solutions to this type of 

problem are not possile, except under highly restrictive assumptiom. Most previous 

research deds with the phenornenon nummgcaIiy by modehg the hydraulics and 

transport processes separately. The availabIe models are therefore fie~uentIy Iimited to a 

partial description of the complex processes that occur such as the hydraulia, the 

ùinltration behavior as weD as advection and diffusion, even though these processes 

have bem individuaily weIi studied. A pnusai of the relevant Iiterature indicates that 

very littie work has been devoted to modeling overland flow toge* with non-point 

source poIIutant transport. Yan (t995), Yan and Kahawita (1997, 1998) deveioped a 

numerîcai mode1 to simulate the whole process including oveiland flow and non-point 

source poiIutant m a  These studies tackkd the complex problem by an htegrated 

approach to modehg the hydrauiic behavior of the overIand flow with infiIûation 

coupled with transport and chernid characteristics of the individual poiiutaat 

However, there does remah some tmcertainty partidarly with respect to the effect of 

adsorption and the rate equation for solubility. There is aIso a reai need for hdmg more 

efficient and accurate numericd schemes to be hcorporated hto the siindation model. 

The present work aims to deveIop a compIete r m m h d  mode1 to srnidate non-point 

source ponutant ûmsport m overIand ffow wah the e f f i  of mfirtration, rainnill and 



soIubility. More specifidy, the e f f i  of adsorption has been incorporated into the 

rnodel, and a modifieci version of the cubic sphe scheme has been introduced to 

simulate the model. Figure 1.1 sketches the physid signincance of poliutant transport 

in the rainfall-ruaoff process. 

Figure 1.1 Physid description of the problem 

1.2 Scope of Present Work 

A two-dmiensionaI meirt*caI model is proposed in the present stody. It focuses on the 

whole pmcess of non-point source poUutÎon caosed by rainfd nmoff associateci with 

infiltration, dissoIution and adsorption- S p d c  objectives of t6is study are to: 



1) Investigate poIIutant transport mechani- in overIand flow with the effects of 

infiItration, soIubüity rate and adsorption and develop an integrated num&d 

simuIation mode1 

2) Introduce the cubic spline scheme and evaluate its performance as a solution 

technique for the numerical sofution of the mode1 

3) Present some generai redts  that indicate the flexiiIity of the mode1 and its 

usefùlness to predict the fate of a surface appüed pllutant 

The development of the mathematicai mode1 indudes five steps: 

1) Selection of the mode1 variables and formulation of the mathematical equations, 

2) Determination of the mode1 parameters, 

3) Numaicd disçretization with appropriate simulation of the input, output and 

mtervening processes, 

4) Verification of the mode1 against avaiIabIe anaiytîcaI and experimentai redis, 

5) Sensitivity analyses. 

The numericd simulation of die complete process consists of the StVaiant equations, 

the infiltration ecpations, the sotubility rate eqyation, the adsorption equation and the 

poIIntant transport eqnation. The two-dime0slConaI StVenant eqaatiom based on 

contmuity and momentam @ciples are used to desmie the variability of flow 

conditiom, ni which the e f f i  of d a c e  mughness, ramf i  intetlslCty and soir 



infiltration are considered. The Green-Ampt and Horton eqnations are used to 

characterize the infÏItration procts~es~ The solubiIity rate eqpation is constructeci based 

on the physioo-chemicd behavior of the pllutant in overland fIow and by b w i n g  on 

the anaiogy between mass and mornmtum tramfier, which models the dissolution of a 

soiid pllutant into the üquid phase. The adsorptionilesorption process may be 

approximated by appropriate kinetics based equations. Findy, the advection-diffiision 

equation is used to trace the dtimate fate of the poitutant. 

For proper simulation of the mode1 cited above, it is necessary to use suitable numericd 

techniques with which the dtimate fate of the d a c e  applied polIutant may be assessed. 

The numerical technique chosen for this study is the cubic s p h e  integration scheme. 

This scheme has been successtùlly appIied to solve a variety of viscous fl o w  problems as 

welI as probiems relating to estuaries, it has not however, been used in the shdow water 

wave situation. The main advantage of the cubic spIine scheme is its high accuracy, 

Iowa cornputaCional cost, and variabIe mesh capabiIity while avoiding a compIex 

formdation. Because of these benents, it is believed that the algorithm could fhd 

application in several fields. 

A series of Iaboratory expesiments were conducteci, wtiich cover two main areas: 

rainfaI3/'ff re1atiomhip and poIIutant tramport in overland fiow. The d t s  wae 

used to provide at Ieast a partiai veriflcation of the model. 



in the introductory chapter, the physics of the problem are described. and the importance 

of numencai models as predictive t001s is indicated. The scope of the present work, in 

which the mode1 development and the numericd scheme Mer from previous work, is 

enunciated. 

Chapter 2 is devoted to an examination of previous work both physicai and numerical 

that bas ken accomplished in this field. 

The mathematicai equations used in this study such as the overland flow equations, the 

infiltration equations. the transport equation and the adsorption equation are presented in 

chapter 3. The deveiopment of the solubility rate equation is described in some details 

in the sarne chapter. 

Chapter 4 is devoted to a presentation of the cubic spline scheme. The basic relations for 

cubic splines are given and the discretized fom of the mathematicai equations is 

iIlustrated. The initia1 and boundary conditions that must be specified are explallied 

here. 

In chapter 5, the validation and verification of the numericd models are tested and 

presented in three sections: 1) Anaiyticd soIutÏons 2) hbtished data 3) Laoratory 

Expei-iments. In the fmt section, three andyticd eqnations are osed CO test the numerÏcai 



model. These equations deal with advection-diffusion and adsorption. The second 

section compares the numencdiy generated hydraulic behavior with published 

experimentd data (Tayfir et d. 1993), as weII as with the resuits obtained by Yan (1995) 

usuig a fd te ciifference scheme. The third section describes the experimental setup and 

procedure. It includes an evaiuation of the numericd model performance. 

Chapter 6 incorporates a series of examples that better inustraie the cubic spline scheme 

as a viable tool For numencally sotving the goveming differential equations. The 

sensitivities of the reaction rate constant, the dispersion coefficient and the solubility rate 

are dso discussed and the results related io infiltration and adsorption have been 

illustrated. 

Chapter 7 is devoted to some concluding remarks with suggestions on how the present 

work may be refined and improved. 



Predicting poilutant transport in surface mnoff is essential for the control of non-point 

source pollution. The basic tools for assessing the effects of a pollutant source on the 

environment may be numericd modeling, use of a GIS database as well as use of 

statistical evaluation techniques. There exist a multitude OF methods for modehg 

physicd characteristics of surface runoff caused by rainfall, infiltration and transport 

phenomena As a result, two broad classes of models may be distinguished: (1) 

hydrodynamic models and (2) empirical models as shown in Table 2.1. 

However, numerical simulation of non-point source pollutants in overland fiow where 

the velocities may be highIy varïabIe and where the effects of infiltration, raÏnfaiI, 

solubility and adsorption are incorponted into the mode1 has not received much 

attention. Research has usuaIIy concentrated on numencd modeling of either the 

hydraulic or the transport phenomena 



Much effort has been spent m modehg ovedaad flows in the past several decades, 

however, most of the work has been confineci to one dimension and is dominated by the 

use of the hematic wave equation. The vmÏeties of microtopography, d a c e  

roughness and hydraulic properties over distances of centmieters to meters, strongiy 

influences the w o f f  characterïstics. Fuahermore, these spatial variations have a 

signifiant impact on soil exosion and contaminant transport. 

Liggett and Woolhiser (1  967) used the one-dimensionai hydrodynamic equation for 

modehg overland fiow. They conducted extensive nimiaical experiments to assess the 

behavior of different nnmericai schemes for solving the hydrodynamÏc equations. 

Although this study provided valuable experience and gnidehes for obtainllig so1utÏon.s 

to the hydrodynamic equations for overiand ffow, it was Iimited to homogeneous plane 

d a c e s .  

Chow and Ben-Zvi (1973) proposed a two-dnnensional hydrodynamic mode1 of 

overIand flow. They indicated the feasr'biKity of the mode1 in desmiing =off. 

Howewr, because of the reqaired simpfïfïcation of the ept ion,  al1 tams reiated to the 

convective acceferation which may be sigriinaint in certain regions of the ffow were 

bPI?ed- 



Morris and Wooihïser (1980) presented a cornparison of soIutions to the shdow water 

equations for ~fl~feady on&ensiond flow over a plane and so1utïon.s to the &£hion 

and kinematic wave equations, which are approxïmate forms of the StVenant eqnations 

Kawahara and Yokoyama (1980) presented a two-dimensiond ovaland Dow mode1 or 

direct rurioff flow over the watershed, which is based on a two-dimensional 

hydrodynamic model. in th& model, the velocity of fiow at any point in the watershed 

at any time is assumed to be expressed by its average valw through depth, and spatial 

variabiIity in infiltration and roughness were not included. 

Akan and Yen (1981) developed a mathematicai model of unsteady shaiîow water fiow 

on porous media, in which both d a c e  and subdace flows were desmieci by a set of 

dyn-c wave eqyations. Howeva, ody a one-dimensional hydrodynamic situation 

with a homogmeous plane d a c e  was considemder 

Io order to evaluate the models of predicted mnoff for catchments dominated by 

overiand flow effects, h a d k a  et al. (1987) discussed four modehg approaches and 

compared a variant of the Iinear and nonIinear unit hydmgraph methods based on the 

standard SCS unit hydrograph. The différences in predicted hyûroIogÏc response to 

vmiabIe catchent Sac, slopes, mughness, and the input effdve mididl mtensity and 

tempod pattern wae c o m p d  A n-cd mode1 ushg the cWbsÎon approach was 



applied to a set of ideaiized catchments to develop synthetic unit hydrograph S-graph 

equivdents. 

Zhang and Cundy (1989) solved the two-dimensionai overland 80w equation using the 

explicit MacCormack scheme with their results being pd t iay  verified with field 

experiments. niese authors indicated the dBiculties inherent in applying the St.Venant 

equations to overland fiow. because of the following physicai chûnctenstics: 

t)  OverIand flow is very shdlow. It is not uncommon for the depth of overland flow to 

be of the order of a Few centimeters or even millirneters so that very small numericd 

osciI1ations will cause faiIure of the solution aigorithm. 

2) The effect of shear stress induced by the bed roughness is larger than that in the case 

of deep water, This again can cause unacceptable oscillations in the computation. 

3) RainfdI and infiltration respectively represent significant mathematicai "source" and 

"sinkn tems, and must be carefully treated numencally. 

Govindaraju et ai. ( IWO) provided approximate anaiyticai solutions for overIand fiow 

using the kinematic and diffusion wave approximations under time-space varying Iaterai 

Mow. ït was concluded that the anaiyticd soIutions are aseh1 for esbatmg runoff 

from steep overIand flow sections. 



Table (2.1) Hydrodynunie and Empiried Modeis 

PHYSICAL PROCESS 

Surfiace runoff 
(due to a rainfall event) 

InfXtration at a point 
under ponding 

Sohte transport 

HYDRODYNAMIC 

MODELS 

Kinematic wave modeIs 
Dülùsion wave models 
stvenant e~uations 
Concephial modeIs based 
on systems approach 

Models based on the 
Richards eqyation 
Green-Ampt mode1 
Philip two-temi mode1 

Models based on 
advection-difhion 
Modefs based on the 
kinematic wave theory 
FickianmodeIs 

EMPIRTCAL MODELS 

Soi1 Conservation 
Service (SCS) 
method 
Tauiessee Vaiiey 
authority (TVA) 'S 

doubIe trianguiar unit 
hydrograph method 
Unit hydrograph 
method based on 
orthogonal bctions 
Rationai method 

SCS mode1 
HEC (Hydrologie 
Engineering Centa) 
mode1 
Algebraic equation 

(e.g. Kostiakov modeI, 
Haitan mode& etc.) 

AIgebraic equations 
for i so thm such as 
the Langmuir 
isotherm, the 
FreudEch isothenn, 
etc. 
MonteCario 
simtdation-based 
models 
Regr-on models 



Tayfûr et al. (1993) accomplished the modehg of overland ffow through the nu&d 

solution of the StVenant eqnations. h thar study, an miplicit hite differace method 

was used and the solutions were examined in the Iight of field resuits. The smdy 

included the effects of variations in hillslope features such as d a c e  ronghness, 

uifiltration and rnicrotopography. 

Katz (1995) studied the effects of d a c e  roughness and rauifall impact on overIand 

fiow. The relationship between friction, velocity, discharge, and charme1 dope was 

examined for the case of shdow, spatiaIIy varÏed flow on rough d a c e s .  Tabie 2 1  

summarizes previous research on overiaad flow. 

23 Infiltration 

Previous researchers have made systematic shidies of infltration phenornena fkom 

various points of Mew, this d t e d  m the appearance of numerous rnodefs for 

estimatmg Stration capacity either in tams of theory or based on experhent, These 

mvestigations have summed op the advantages and Iimitations of each mode1 and 

provideci a convenient database for mode1 applications. 



Table (2.2) Overîand Ftow Modeis 

Dimension 

Wood and 1990 

Physicai Condition 

Arnold 
Katapodes 
and 
Strekoff 
Kawahara 
and 
Yo ko yama 

ûvaland flow %th 
homogeneous plane 
d a c e s  

1979 

1980 

Overiand flow with 
homogeneous plane 
d a c e s ,  both substdiace 
and d a c e  ffows were 
desm'bed 
OverIand flow in which 
ail terms reIated to the 
convective acceleration 
were dropped 

Kinematic wave 
approximation 
ûverland fiow r d t i n g  
Eom a dam break 

- - 

ûverf and fiow without 
spatial veability of 
infiltration rate and 
roughness 
OvetIand fi ow mcIuding 
d a c e  roaghnmF 
hfZtration and 
m i ~ t o ~ m p h y *  
the r d t s  were partr*aiIy 
verified with field 
expexknents 
Grtematic wave equations 
incIuding M a c e  
rougEmess9 Strat ion and 
microtopography 
with M d  ex~&ents. 

Nume ricd 
Scheme 

Characterr*stics, 
ucplicît and 
implicit 
A fouFpoint 
hpiicit finite 
ciifference scheme 

The scheme based 
on the 
combination of the 
Lax-Wmhff 
scheme with 
BUrSfein and 
Lapidus 
modifications 
Box schze 

Fiaite element 
method 

- -- 

Second order 
accurate 
MacCorrnack 
explicit nnite 
ciiffierence method 

UnpIiat m e  
diffefeace method 



In &y 191 1, Green and Ampt proposed a simple infiltration equation, which was 

derived by applying Darcy's Iaw to the situation of inflItratiotl h m  an excess surface 

water supp1y from tune zero. The variables are aiI predictable since they have physicai 

signifïcance. 

In the 1930's, Horton devised a famous empirical equation according to the Linltration 

process. It indicates that if the &ail supply exceeds the infiItratîon capacity, 

innltration tends to decrease in an exponentiai manner. Another infilItratioa eguation 

with predictable parametas for a homogeneous soi& assuming an excess of water suppiy 

at the surface, was developed by Phüip in L954. 

FoiIowing the precedhg works, HoItan in I961 provideci an empincai eqpation which 

expressed the innltration capacity as a f'unction not of time, but of the unoccupied pore 

space m the soil. This mode1 is convenient for a watershed modei but inconvenient to 

determine the contrd depth. 

Based on the previous work, Meh and Larson (1973) deveIoped a two-stage mode1 for 

infrl.tration (tmder a constant-intensity midiau) mto a homogeneous soil with d o m  

mitid moisture content The nfit stage predicted the volume of @tration to the 

moment at which d a c e  ponding b e g k  The second stage, whi& used the Green- 



Ampt model modified for infiltration p r h  to d a c e  saturation, descricbed the 

subsequent infiltration behavior. 

Rawls et ai. (1983) developed sets of average parameters based on the soil horizon or on 

soiI texture class, or both. A procedure for determinhg the Green and Ampt parameters 

based on soil properties utilizing the full spectnim of soii survey information was 

0utIined. 

James et al. (1992) developed a cornputer mode1 to caldate the tainfdl excess 

considering infiltration, interception and surface retention The purpose of the nrst 

phase of the study was to evaluate the application of the Green-Ampt infiltration 

ecpation to watershed hydrology. A procedure for estimatuig interception and surface 

retention using the Horton equations was developed in the second phase. 

Corradhi et aI. (1994) extended the conceptria1 model of discontinuous rMd1 - 
infiltration suitabIe for insertion as a momilar part of cornpiex watershed models m order 

to desmie a large variety of real situations. The mode1 hcluded the representation of a 

sequence of ùinItration-redisitricbution cycles with situations not leadhg to soil d a c e  

saturation, and tainfail periods of intensity Iess than the s d  mfiltration capacity- 

The most popuiar equation which Ïs wideIy used m the Storm Water Management Model 



( S m  is the Green-Ampt equation. The mode1 was codimed to have a weE- 

acceptd physicai basis and the d t s  agreed weII with those of the Richards soil 

rnoisture equation under a v6ety of mfiltration situations studied by Akan (1986). This 

equation has been shown to be appiicable for the conditions of constant rainfd intensity 

and hornogeneous soit, and has beai developed for determinkg the value of the capiUary 

suction parameter by Mein and Larson (1973). Its applicability for use mder the 

conditions of uasteady rainfdl was demoIlSffated by Chu (1978). in 1991, Mullan 

stated that the Green-Ampt mode1 for the predictrWon of both the runoff volume and peak 

discharge was better than other empincd equations. In 1993, Ta* et ai. modelled the 

processes of d i d l  - infiltration; af ta the start of ponding, the Green-Ampt infiltration 

vat ion was used to calculate the infi1tratÏon rate. 

The smnmary of infiltration studies is Iisted on TabIe 2.3, and typicai infiitration models 

are shown on Table 2.4. 

in the application of the Green-Ampt model, it is necessary to estimate parameters, such 

as the hydradc conductivity, effective porosity and wetthg h n t  capilIary pressure 

head. Rawh et al. (1983) have smnmarizd a procedure for deteminkg the Green- 

Ampt parameters. 



TabIe (2.3) Review of Infiltration Studies 

11 Clapp and 

1 Hornberger I 

Contents 

Devised a methodoiogy for applying the Green-Ampt 

model to a steady ninfall mpnt; 

Deveioped a procedure for determining the vdue of the 

capillary suction parameter used in the model. 

Showed how the empincal equations representing some 

soi1 hydraulic properties. 
- - 

Demonstrated the appiicability of the model for use 

under conditions of unsteady rainfaii. 

Outlined a procedure for determining the Green-Ampt 

parameten based on soi1 properties utilizing the hiil 

spectrurn of soi1 survey information. 

Indicates that the Green-Ampt mode1 predicted both the 

mnoff volume and peak discharge better than the curve- 

number model. 

DeveIoped a cornputer mode1 for the application of the 

Green-Ampt infiltration equation to a watenhed. 

ModeIing infiltration durhg cornpiex nid& sequence, 

hcIuduig the representation of a sequence of 

infiItration-redistnlution cycies with saturation not 

leadhg to soiI surface saturation, and rainfaiI peeriods of 

intensity less ihan the soiI Htration capacity. 

Modeled ÏufZtration with v-ng hydrauiÏc conductivity 

under simniated ramfa conditions, fie stochastiç 

stnrcttue of hydrauIic conductivity was incorporated in 

the Green-Ampt and Meh-Larson InfZtntion modeI, 



Table (2.4) Lists of Typied Infiltration Mdeis 

Horton 

Year Equation 

f, = f, + (f, - f,)e-k' 

14 f = as; + f, 
a - infiltration capacity of 

the average 

~ton~e(in/hr.in'.~) 

S, - available storage in 

the surface layer 

f (t) = 1/2 s t -112 t K 

Characteristic 

SimpIe and has physicdy based 

parameten. derived by appiyhg 

Dmyk law 

Simple in form. Diffculties in 

determining usehil values for the 

initial infiltration capacity and time 

constant restrict the use of this 

equation 

Expresses the infiitration capacity as 

a function not of tirne but of the 

unoccupied pore space in the soil, 

convenient for a watershed modef, 

but determining the control depth is 

uncertain 

For a homogeneous soi1 with an 

excess supply at the surface with 

predictable parameters, computing 

these parameters is dW1cu1t and their 

vaines are more commoniy obtained 

by fÏtting. a further dmculty is the 

assumption of an exceu water 

mpply at the Sarface 



2.4 Transport Phenornena 

Transport processes consist of advection and hydrodynamic dispasion. The tam 

advection describes mass transport due simpIy to the fl ow of water in which the mass is 

dissoived. Dispersion occurs because of mechanicd mixing during ffuid advection and 

molecdar ciifhionon. The mechanics of hydrauIic dispersion is considered as being 

caused entireIy by the motion of the ffuid. Diffusion is a dispersion process of 

importance only at low velocities (Freeze and Cherry, 1979). A cornplete mode1 for 

poffutant transport should account for advection, dispersion, solubility rate and chernical 

reactions of the poIIutants as weiI as  the hydrauIic conditions of the overland fiow. In 

ment years, the pollutant transport phenornenon has been modeled in a common effort 

Many mathematid descriptions of transport processes either in overland flow, in river 

and channei fI ow or in groundwater flow are avaiiable. 

Siemons (1970) attempted to soIve the two-dimeasional advection-di~on equation 

ntnnerically, however in the numenend soIution of the two-dimetlsional advection- 

d i f i o n  eqyation, advection in two dimensions was not considered. 

BresIer (1973) stndied SimnItaneous transport of soIntes and water under transÏent 

unsaturated flow conditions, TheoreiicaI and mathematid tools for andyzing transient 

one-dhnensional (vertid) simdtaneow W e r  of noninteracthg da te  and wata m 



unsahrrated soils were developed It descnies theoretical considerations and a numerical 

approach for simuiating the transport of a noninteracting solute in the soil during 

nonsteady infiItration, redistriution, and evaporation. The combined effects of 

convection, ionic diffusion, and mechanical dispersion were invdgated, 

Li (1990) simdated the advective transport by a minllnax - charactexiistics method, 

which is an explicit and efficient finite difference schane derived fiom the local 

minima approximation of the exact soIution of the pure advdon eqyation. 

Luk et al. (1990) descnbed a method of modehg two-dhemional mixing of polIutants 

in natural channels, with the use of a simpIe yet accurate aigonthm, which overcomes 

most of the existuig limitations. The mode1 can be appIied to steady flow in sinuous, 

non prismatic channels. 

Chen and Fdconer (1992) modeled the transient one-dîmensiond source-fiee transport 

o f  pdlutant concentration m an open c h m I  and the simpüned two-dmiensionai 

advection equation. In both cases, constant velotities were used. 

Aral and Liao (1996) provided the analyhd solutions to the twodiniensÏond transport 

equation with thne-dependent dispersion co&cients. The soIutions codd be wed to 

mode1 the transport of solute in hydrogeologic systems characterized by dispersion 
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coefficients that may Vary as a fünction of travel t h e  h m  the inpuî source. In 

particul=, he deveIoped instantanmus and contiauous point-source solutions for 

constant, hear, asymptotic and exponentiaiiy varyuig dispersion coefficients. 

W u  (1997) extendeci the wave equation model, origindy deveIoped to solve the 

advection-diffiison equation, to the muitidimensional transport equation in which the 

advection velocibés vary in space and timee An operator-splitting method is adopted to 

solve the m a  qat ion. The advection and the diffusion equations are solved 

separately at each time step. During the advection phase, the advection equation is 

solved using the wave equation mode[. 

Zoppou and Knight (1997) derived the andyticai soIutions for the advection and the 

advectiondiffiision equations. The analyticd soIutions are simple to evaiuate and can 

be used to test numaical schemes for solving the advection and the advection-difhion 

equations with spatialIy vacÏabIe coefficients. TabIe 2.5 stnnmarizes the numaicd 

models of related transport phenomena. 

However, al1 of the above works have th& îimbtionsL The majonty of transport 

processes have been applied to the ffow in rivers and estuaries. Furthemore, the 

hydranIic and transport phenomena are g e n d y  modekd separateIy in an micoupled 

f i .  



Table (2.5) Numerbi ModeIs of Transport Phenornena 

Descriptions 

Mode1 two dimensionai diaision-advedon equation 

without advection or with advection in one dimension 

High accuracy discretisation of the two-dimensionaI 

d i f i o n  and dvection eqyation. 

Mode1 onedirnensïonaI pure advectt9on with constant 

veiocity 

Mode1 two-dimension mixing of poIIutants in steady fl ow 

in a naturai non prismatic channel 

Model two&ensionai somce4ke transport of a scdar 

mass of pllutant concentration in an open charme1 ushg 

the advection equation 

Extendeci the wave equation mode1 to the 

multidimensionai transport equation, the advection part 

being solved by the wave eqaation 

Sorption deals with the interphase accumuiation or concentration on the d a c e  or 

mterface, which is a signincant phenornenon m most natrwl physbI, chemicai and 

biologicd processes and mvolves a series of d o n s  which may dter the di&-butÏon of 

contamïnants- 



ConsiderabIe effort has beai focused on the investigation of adsorption behavior either 

in theory or in experiment or both so that many adsorption models are avaiiable, such as 

the Bmauer, Emrnett, and T e k  @ET) model, the Langmuir mode1 and the Freundlich 

equation (Suadsirom and Kt&, 1979). The Freulldlich equation is basidy empirical 

and has been widely used for a nimiber of years. 

Van Genuchten et al. (1974) studied how to evaiuate the kinetic and equflrcbrium 

equations for the prediction of pesticide movement through porous media The available 

adsorption models were used in transport equations to desmie experimentd laboratory 

data. A cornputer program was devetoped for three différent adsorption models, based 

on the availabie equations. 

Mehyk (1985) studied the effects of sorption behavior on contaminant migration and 

examined the nature of some of the eEects, especidy those due to sorption behavior that 

is dependent on the concentration of the contaminant m the groundwater. The effects are 

cddated usïng andyticai solutions to the chernical equations. The hydrogeologicai 

parameters are held constant, and radioactive decay and hydrodynamic dispersion are 

exc1uded. Sorption equations in transport modeling îs foiIowed by presentation of 

migration resalts for a nmnber of modek of sorption behavior vaqing fiom Iinear 

Ïsotbemis, Langmuir, FreundIich and ion-exchange isotherms, to precipitation reacthns 

and maItipIe-site sorption reactions- 



CeIorie et ai. (1989) deveIoped a methodology for using centrifbgd modehg to 

detamine eqdiirium d is tn ion coefficients in fine-grained soils. The method 

overcornes the disadvantages of common methods either by perfomiing column studies 

or by batch eq@Ebrium tests. Sorption dishibution coefficients, based on the local 

@&n'un assmnption, were computed h m  experimental bfeakfhrough curves usùig 

an analytical solution tu  the solute transport equation. 

Van Der Zee (1990) derived the travehg wave solutions for the case of solute transport 

*th noniinear adsorption, whm adsorption kinetics may be descnied by a first-order 

rate expression. The anaIysis was extended for either Langmuir or Freundlich adsorption 

to the case of nonequiliibrium interactions. 

Seiroos and Cvetkovic (1992) proposed a method for coupling sorption kinetics and 

solute advection in heterogeneous formations. The simulation resdts provideci an 

indication of the coupled effects of high variability in the hydrauIic parameters and 

sorption kinetics m heterogeneous formations. The iimitation is that only equd forward 

and backward rate coefficients were amidered, and the SimuIation was for two- 

dmiensiona1 heterogeneity wit6 reIativey simple boundary conditions. 

Bosma and Van Der Zee (1992) proposed analfical "pyn,ximations for nontinear 

adsotbmg soIute transport m I a y d  soils. The solnte transport happas in a s d  



consisting of two layers that have different chernical propercies. The nrst case deds with 

a soü consisting of a nonluiear adsorbing Iaya on top of a linear adsorbing Iayer, 

whereas the second case deais with the reverse situatioa The analytical solutions, which 

have the advantage of directly reflecting the processa underiying the phenornena and 

being easy to evaluate rapidy, are used to validate numerical caidations. 

Barone et ai. (1992) presented a labontory difftision-test estimation of the diffusion 

coefficients and the adsorption coefficients for s e v d  organic species in a saturate 

reiatively rmdisturbed, clayey soil. The d t s  obtained h m  the diffusion tests were 

descriied together with the strengths and limitations of the test procedure. They dso 

described the results of batch tests which were perfomed for cornparison with the 

difision-test vaiues. 

Based on the collection of experimentai data h m  the fiterature and on tests for various 

proposeci models, Khan et al. (1996) developed a gendzed equation which couId 

represent the data for a wide range ofmuiticomponent, mute organic solutes in aqueous 

solution, adsorbed on activateeci &n, 

Thae has been extensive research conducted on the phenornenon of adsorptio~ Some 

of  the research has been devoted to experimentai Investigations w M e  the rest has reiied 

on the deveIopment of mathematid modeIs. AIthough the major* of the research has 



ken rdcted to simple adsorption phenornena, comflSlderabIe guidance to the 

mechanism and behavior of adsorption processes has been provided. 

Table 2.6 is a nomexhaustive summary of curent adsorption models. 

Most of the availabIe models cited above o h  emphasize either the water flow or the 

transport aspects. At the present tirnez very few mode1s cover the hydradic, infiltration 

and transport aspects in an integrated fashion. Akau (1987) presented a mathematicai 

model for the processes of polhtant washoff by overland flow on impewious sudiaces. 

The model is based on the kinematic description of overiand flow and convective 

pollutant transport equations. The study addressed ody a single elment of the complex 

processes of stormwater poIlutants. Thus, the mode1 proposai could be useful only if 

used as part of a more cornprehetl~f~ve urban-nmoff rnodei. 

The U.S. Environmentd Rotection Agency (EPA) Storm Water Management Model, 

SWMM, is a comprehensive water quanti@ and @ty simulation tooI. The mode1 has 

beai developed primarily for nrban areas and uses the concepts of '%hW bat use 

Imnped parameter systems to simulate the various processes that occur d d g  a stom 

went (Sin& 1995). Follutant transport is accotmted for within the sewers comprising a 

drainage system m an mban area. As such, it is rmsaitabfe for smidathg the type of 



processes that are studied in the present work. It is neverthdess a useful and widery 

accepted package for andysis of urbau drainage systems. 

Y m  (1995) proposeci a numericd model which simuiated bydraulics and transport 

phenomena SEnuitmeously. The two-dimensional flow mode1 provides depth and 

veiocity distniutions in the flow domain. These distributions are used as input for a 

mass transport model to estimate poIIutant migration in ovaland flow. However, in this 

mode1 the effect of  adsorption was not inchdeci. The mode1 developed in this study 

atternpts to integrate the pollutant dispersion, washoff by ovaland flow, infiltration into 

the soi1 and adsorption by the soiI. The equatioas for overland flow consist of the 

continuity and momentun equations in which compIicated physkai conditions such as 

surface roughness, innItration and rainfaII are aiIowed. The equation for pollutant 

transpoa is a combination of the advection-diffusion eqyation with the solubdity rate 

eqnation, the adsorption equation, and the e f f i  of di. The source term 

mcorporates a solubility rate eqpation based on the andogy between mass and 

momentum traosfer. 

2.6 Numericd Scheme 

Owing to the compIauty of the phenomena mvolving spatid and/or temporal variation 

in rainfalI, mfirtration, d a c e  roughness, advection, difihion, adsorption, and so on, 



analyticd solutions of the govaning equations are not tractabIe and numericd solutions 

are the ody resoit Generally, the overland-flow equation has conventionally been 

solved by finite d.erence methods in either explicit or hplicit schemes, while the 

QUICK (Quadratic Upstream Interpolation for Convection Kùietics) scheme (Leonard, 

1979) has been widely used in solvhg transport probiems. In explicit methods, the 

unknown values of the dependent variabIes at the new-time level occur explicitly in the 

difference equation and are determined swentially- These schemes are easy to code in 

the solution procedure, but d e r  nom extreme stabifity restrictions (Liggett and 

Woolhiser 1967). The impIÏcit method expresses tmknown values in terms of other 

unknowns at the same time Ievel. A set of simuitaneous equations is thus obtained with 

the boundary conditions. Such a solution is generdy stable dthough formal stability 

cm only be proved for linear equatiom. Tn gendIy, the impiicit method is suited for 

application to Iarge the-scde phenornena for which expticit methods are g e n d y  

found to be mipractical and ti~e-consuming. The QUICK schane was origïndly 

developed by Leonard (1979). It uses cpdratic upstream interpoIation and has the 

benefits of mas conservation, relatively 6igh acnwcy and computational efficiency in 

cornparison with many other higher-order-accmate schemes (Chen and Faiconer, 1992). 

However a Von Neamann stabiiity analysis mdicates that the expiicit QUICK scheme 

has a s w a e  stability constraint which is dependent on the diffkion coefficient, Tt can 

be proved that this scheme is nm&caIIy mistable for the case of pure advection. As a 

conseqaence, various modined foms of de mipücit QUICK scheme have been 



formnlated by Chen md Fdconer (1992). It is clairned that these schemes overcome the 

stability problerns of the explicit form and may be applied both to pure advection and to 

cornbined advection-difision, 

Liggea and Woolhiser ( 1967) theoretically and empincdly exarnined the convergence of 

the finite difference solutions and the exact solutions to the shallow-water equations. 

They used the method of characteristics, as weU as expücit and implicit finite difference 

methods for rnodeling one-dimensional overland flow. 

Amein (1968) presented the results of a study of an implicit method Tor the numerical 

solution of the cornpiete two dimensiond equations of unsteady flow. The rnethod was 

saccessfully applied to flood routing problems. The pani*cular requirements of this 

application Favor methods that can provide fast and accunte solutions extending over a 

relatively long tirne scaie. It was found that when the impticit method was applied to a 

number of representative problems m flood flows, the computations were stable and 

converged npidy towards the final solutions. 



Table (2.6) Adsorption MoàeIs 

Van Genuchten et ai. 

Van Der Zee 

Sehos and 

Cvetkovic 

Bosma and 

Van Der Zee 

Khan et al, 

Year Characteristic 

Used avdable adsorption models to evaluate 

kinetic and eq@ki'bnium vations for the 

prediction of pesticide movanait through 

porous media 
- -- 

Studied the e f f i  of so3on  behaMor on 

contaminant mimigration and examined the nature 

of some effects 

Daived tniveling wave solutions for the case 

of sofute transport with nonlinear sorption, 

when sorption kinetics may be descncbed with a 

ht-order rate expression 

Modeled solute advection coupIed with 

sorption kinetics in heterogeneous formations 

nodinear adsorbing solute transport in l a y d  

sods 

Presented a Iaboratory difhïon-test estimation 

of the diffrision coefficient and the adsorption 

coefficient for several voIatile organic species 

DeveIoped a generaIized equation which codd 

represent a wide range ofmdticomponenf 

aute organic solutes in aqueous solution, 

adsorbeci on activated casbon 



Siemons (1970) used finite difference methods to soIve the oneaimensiond advection- 

diffusion equatïon and the two-dimemional advection-diffusion equation without 

advection. 

Chow and Ben-Zvi (1973) employed a scheme besed on the combination of the Lax- 

Wendroff scheme with Burstien and Lapudus modi£icatiom for modeling watershed 

ffow. They obtained a soIution to the twodimemional watershed flow mode1 that wodd 

have been extremely difficdt to solve by the method of~haract~stics. 

HoIIy and Preissmaan (1 977) expIored a two-point higher-order method for caldation 

of advection and diffusion in one and hvo dimensions, and demonstrated the favorable 

accmcy of the method with respect to some otha  betta hown techniques. 

Katopodes and Strekoff (1979) investigated the physicd and geometricai aspects of the 

three-dimensionaI (two-space dimension) method of characteristZcs and provideci the 

means for developing efficient numeriai approximations. Severai ch~i~acteristic 

networks were tested for their accuracy and staôÏIity, and the rnost a c m t e  one was used 

for the SmZuIatiou of a two-dimensional wave propagatmg on a dry bed. 

Kawahara and Yokoyama (1980) proposeci a methodology in which the =te eIement 

m&od is shown to be adaptable for solution of the direct mnoff-flow process. To 



discretize the time bct ion,  both onestep and two-step expiicit tirne-integration 

schemes were employed. The Leap-Frog scheme and the Lax-Wendroff scheme were 

used in the soIution proceduret 

Garcia and Kahawita (1986) describeci the use of the MacCormack explicit the-splitting 

scheme m the development of a two-dimensionaI hydradic srnidation d e l .  The 

model was able to treat rapidIy varyuig fîow probIems as weU as dowly varying flow 

problems that commoniy occur m hydrauiics. 

FaIconer and Liu (1988) modeled solute transport using the QUICK scheme. Details 

were provided about the refinement and application of a two-dimemionai depth 

htegrated numaicd model to predict the depth mean velocity field and the spath1 

concentration distr i ion m hydraulic basuis. The mode1 includes a retmed and 

computationdly manageable third-order spatial nnite-difference rqresentation of the 

terms desm'bing the advective transport of a soIute, with the conesponding diffetence 

scheme being particularly stritable to modem high solute gradients. 

Zhang and Cundy (1989) sofved the two-dkensional ovaland 00w eqyations by Usmg 

the second-order-accurate MaCCorsnack expKcit £ïnite difference method. The accnracy 

of the mode1 was tested by cornparison with characterMc-based so1uti01~~ and 



experimental data The r d t s  of these tests indicate &at the model is accinate and has 

good stabüity and convergence properties. 

Fmema and Chaudhry (1990) introduced two expIicit f i t e -d i f fmce  schemes- 

MacCormack and Gabutti for the solutÏon of twodimensional, unsteady h e - d a c e  

ffows. They claimed these schemes are second-order accurate in both space and time 

and predict the Iocation and height of the bons without requiring shock fitting and aIiow 

simuIation of both subcritical and supefcntical flows, and the inclusion of  initial 

conditions having sharp discontinuities. 

Wood and Arnold (1990) modeled a one-dimensionai kinematic wave equatioa which 

represents overIand ffow given by rainfi nmoff on a sIoping plane by nsing a box 

scheme. They concIuded that the box scheme is one of the more popular methods 

because it is explicit with oniy one unknown per eqyation, and is mconditionaily stabIe. 

NevertheIess, practical considerations dictate a Limit on the time step. 

Gka-Navarro and Saviron (1992) described tlie dwelopment ofa mathematical model, 

which solves the onedmiensiond tmsteady wata fIow equatiom* It Ïs based on the 

McComack second orda explicit scheme, whkh has become an inaeasingly popdar 

method for nmerencdy integraîkg probIems i n v o ~ ~  shocks. The treatment of the 

extemal aud mternal boundarÎes has been made by means of the method of 



characterïstics. The method is able to heat rapidly varyiag fI ow situations and relatively 

complex phenornena 

Tayfur et ai. (1993) solved a two-dimensional overland flow equation by IlSing an 

implicit nnite difference method that does not suffer fiom any instability probIems. 

Jaque and Bal1 (1994) proposed a numerid scheme using a combined approach for the 

so1ution of the partiaI différentiai eqyation demibing advection and diffusion, and 

provideci a simple yet accurate solution aigorithm for water @ty modehg in open 

channel flows. 

HoIden and Stephenson (1 995) presented an o v d l  assessrnent of commoniy used fom- 

point diffkmce schemes. They stated that de accufacy of hite-difference solutions to 

the kinematic equations to nmoff modehg is affected when numericd ditTbsion or 

mstab%ty occurs. The effect of grid ratio and the spatiaI and temporal weighting 

coefficients in four-point difference schemes were discussed and a variable coefficient 

was suggested to eIuninate mcontro1led numerical diffpsion. 

The emphasis of numerical soIute transport modeIs for water-~nality studies in coastaI 

and estuarine waters has focused on the nmnericaI treatment of the advective tenns in the 

transport eqoation. Komatsu et ai, (1997) pposed a new rehed numericd scherne for 



pure advection, which prevents pmblems occurring when calcuiathg advection. The 

scheme is based on a new concept in which the second-order wave equation of the type 

that describes traveilîng waves on a stretched string is numerÏcaiiy solved. This is 

clamieci to r d t  in higher accuracy and stabüity. 

Lin and Falconer (1997) studied tidal Bow and transport modeling using what they 

christen as the ULTIlMATE QUICK scheme. The study describes an accinate numenkai 

scheme for simuiating two-dimensional solute transport in coastal and estuarine waters. 

An operator-splitting algonthm and a conventionai discretization algorithm have been 

used to solve the solute transport equation. To avoid the occurrence of numericd 

osdlations, the ULTIMATE algorithm and the third-order accunite QUICKEST scheme 

have been wd to represent the advective terms in the qation. 

in this thesis, the governing equations have been numerÎdly soIved ushg the cubic 

sphe method. This scheme has been increa&g[y used in sofving the partid differentÏaI 

eqyations govemuig fluid fiow and n a t d  convection heat transpoe The scheme was 

origidiy developed by Wang and Kahawita (I983a). They have made vdaabIe 

contn'butions in deveIoping the cubic sphe method to soIve problems of heat transfer 

and ~ÏSCOIJS flow with obIiqne shock wave. The main sphe relations were presented 

and bcorporated into solution procedures for paaid diffefeatiai equatiomC Wang and 

Kahawita (19833 bdicated that the method has the bene& that the approximation 



possesses some of the Avantages of finite ehent techniques withont the disadvantages 

of high cornputer cost and cornplex problem fornidation. The ma i .  advantages of usiag 

a cubic spluie collocation procedure are that (Wmg and Kahawita, 1983a): 

The govenÿng ma- system obtained is dways tridiagond thus pennitting the use 

of the Thomas algorithm in the inversion procedure. 

The matrix system obtained may be reduced to a scalar set of equations that either 

contain values of the h c t i o a  itself. its first derivative or its second derivative at the 

node points while maintabhg a tridiagond formulation. 

The requirement of a unifom mesh is not necessary. However, for a uniform mesh, 

the sphe approximation is fouah order accurate for the Grst daivatives whiie being 

thîrd order for a non-uniform grid, The second derivative is approximated to second 

order for uniform as weiI as non-imifom grids. 

Since the values of the fkst or the second dexivatives may be evaiuated directIy, 

boundary conditions containing derivatives may be dkectly incorporated into the 

solution procedure, thus avoiding the dBcuIty that exists with conventional finite 

difference scbemes. 

The method is especidy weH-med to solve pmblans with a viscosity terrn such as in 

the heat transfer and difhision eqaations, A bnefrwiew of related applications by the 

cubic sphe scheme Win be presented here, 



Wang and Kafiawita (1983b) developed a two-diinensrconal 

mode1 to represent the velocity and saIinity distriiution dong an estuaryestuary The goveming 

equations which express the consmation of mass, momentmn and sait or heat content 

w a e  solved by a finite ciiffierence method in combination with spline fÙnctions. The 

influence of the convective terms on the d t i n g  distniutiofls of velocity and saiinity 

was evahated and takm into consideration, 

ui 1984, the same authors (Wang and Kahawita) presented the basic cubic spIine 

formulation together with some examples of it's application. Estimates of truncation 

mors as weU as some E t e d  stabfity analyses were provided. Some test cornputations 

on Burgers equations wae compared with the exact solution for the one dimensional 

case and with a published finite eIanent approximate solution for the two dimensional 

case, 

Wang (1987) proposed a sphe method of hctional steps in each coorduiate direction. 

The essentiai features of the method are that at every computational step, the problem is 

treated as a one-dirn~onai case in Hnplicit form, and ody one tridiagond mat& 

systmis is evahated, rdting in sigdicant sa- in cornputer murces. As 

numerid exampIes, the cornputatons for viscous tlow with obligrie shock wave and the 

fl ow ih a square m d y  at hïgh Reynolds' nmnbaare pedomed 



Wang also attempted to explore the possibüity of so1vhg the equatiom of hviscid fI ow 

in 1985. The Spline Lax-Wendroff scheme and S p h e  LeapFrog scheme for one- 

dimensional hyperbiic equatioas were derived, in which the artScid viscosity term was 

introduced. "Amticial vîscosity" is a partidar kind of tnmcation error exhibitecl by 

some f i t e  diference analogies of advection eqpations. The method is to explicitly add 

a viscosity-like term to the inviscid dyoamic eqpations in order to d o w  the amputation 

to proceed through shock waves (Roache, 1972). The stability of the Cubic Sphe 

schemes as weli as the numerical dispersive and dissipative e E i  were anaiyzed. 

TabIe 2.7 mar i zes  the charactmtstics of several reiated numenend schemes which tlie 

present author has used in modehg overland fl ow coupled with poilutant transport. 

The stated advantages of the cubic spbe scheme has Ied the present aathor to expIore 

the possibüity of using the techniqpe to obtain numerical solutions to the governing set 

of equations that describe the mathematid model. 



Table (2.7) Snmmarize the Characteristics of ReIated Numericd Schemes 

Explicit f i t e  

difference 

Explicit with only one unbiown per equation, uncoaditiody 

stable. 

A E t  on the t h e  step. 

Simple, only one unkuown occurring expIiciUy, can be used to 

obtain the solution h m  the known vdue at the preceding tirne. 

InstabiIity mherent at practid time steps. 
- .. . - - - 

Unconditiondy stable, 

dows a large time step, Save tirne. 

A complicated set of equations requires repetitive computations. 

Mass consmation, reasonably high accuracy., computationd 

efficiency, numer id advective stabiIity. 

Numeridy unstable for the case of pure advection when explicit 

QUICK scheme is used. 

Without the high cornputer cost and compIex problem 

formulation, the vaIues of the nrst or the second derivatives may 

be evalustted d5edyY Boundrtry condîtions containing 

derivatives may be directly mwrporated into the solution 

procedure, thus the difficulty that &sts with conventional finite 

différence schanes cm be avoided, the mat& system obtained 

may be reduced to a sdar set of equations that contains values of 

the finiction ber, its srst derivative or its second derivative at 

the node pmts, whiIe manitaining a tndiagonal formdation. 



The comprehensive mode1 for non-point source pollutant transport in overland flow with 

inNtration consists of five parts: the overland Bow, poIlutant dissolution, pollutant 

adsorption by soil, the infiiltntion of pohted water into the subsurface, and pollutant 

transport by the overland Bow. 

The hydrodynmic behavior of overIand flow is conventionally described by the 

kinematic wave equations if inertiai effects ;ue srnail; othenvise the weII-known 

complete St.Venant equations must be used. The two-dimensionai St. Venant equations 

consist of a continuity equation and momentum conservation equations in the x- and y- 

direction. These equations may be expressed as folIows (Tayhir et ai. 1993): 



h is fl ow depth (m), 

u is the component of the depth-averaged fIow velocity in the x-direction (mh), 

v is the component of the depth-avaaged fl ow velotity in the y-directi~n (m/s), 

Qr is the rainfall intensity (ds). 

Qi is the ùinItration rate, (ds), 

Q is the net laterai inflow (Q, - Qi) ( d s ) ,  

a is the slope ande with respect to the ~-d~e<:tion, 

4 is the slope angle with respect to the y-direction, 

g is the gravitationai acceIeration, (II&), 

Ssr and Se are the fiction dopes in the x- and ydkections, respectively. 

The fiction slopes are generaIIy represented by Manning's equation which may be 

expresseci as: 

where n is the MannÏngys roughness coefECient. 



3.2 Infiltration Mode1 

Inffltration is incorporated into modehg pllutant transport in overiand tlow, not ody 

because it changes the distti'bution and decreases the magnitude of Wace mon, which 

in tum reduces the abiüty of moff  to transport pofIutants, but also because many 

poiiutants are dissolved or associated with very h e  partic1es that move into the soii with 

the innltrating water and duence the quantities of poliutant mess that peneûate the 

SOL 

in this study, the infiltration rate is supposed to occm in two stages. The reason for 

using two steps to calculate mfiltration was expounded by Yan (1995). At the first stage, 

before the start of any accumuTation of water at the d a c e  ("ponding.), the weli-known 

Horton equation is used to predict the inmtration rate. At the second stage, dehed as 

ail tima after the appeanuice of pouding, the Green-Ampt equation is used to desmie 

the infiltration behavior- The ponding tune tp is the eIapsed time between the staa of 

Wall and the time at which water begins to accumdate (ponding) at the SOS d a c e .  It 

may be evahated nom 



where 

tp is the ponding the (s), 

Se is the initial effective saturation, 

Q, is the rainfall intensity (m/s), 

ki is the hydraulic conductivity of the soiI (ds), 

n, is the effective soil porosity, 

n, is the soiI porosity, 

y, is the wetting fiont capillary pressure head (m). 

As stated earliei, during the period Ieading up to ponding7 Horton's equation (Viessman 

et d., 1989) is used: 

f, = fc + (fo - f')e-"' (3.8) 

where 

fp is the infÏItration cap&@ (&), 

f, Ïs the mitid innltration capacity (mls), 

f ,  is the final eqdi'brimn capacity (ds), 

k, is the empirical constant representing the rate of decrease in capam (s-'), 

t is the thne (s). 



The Green-Ampt mode1 appiied during ponding is (Tayfur et al., 1993): 

where 

Qi is the innltration rate (rnls), 

do is the innltration depth at the start of pouding (m), 

At is the (t+ time increment (s). 

The definitions of ki, 4 and y, are the same as in eqpation (3.7). The values of y,, ni, 

k, and do used in this snidy w a e  h m  pubfished soü propertîes (Rawls et al., 1983). 

Since the overland flow depth is s m d  compared to the capiîiary head, a constant 

capillary pressure head y, = 0.15m - O.I?m is taken, the soi1 porosity nb being 

considered equai to 0 3  - 0.45. 

3 3  Solubüity Rate Mode1 

In most practicaî situations, the poiIutant concentration distriiution is specined as an 

initia1 condition on the basis of physkaï argumentsts In order to simulate a specined 

spatiaI distrriution of sohd poLIatant, the concept of soIubiIIty rate is mpired. When 

water comes mto contact wÎth the solid pollutants* dissoIution of the poUutants begins 

and continues mtil eqyiührinm concentrati011~ are atbined, or mtiI al l  the poUntants are 



consumed. The soIubiIity of a poUntant is denned as the mass of the poiiatant that wilI 

dissolve in a unit volume of solution rmda specifïed conditions (Freeze and Ch-? 

1979). The rate of pouutant dissolution is known as the solubility rate, which is defined 

as the mass of solute that win dissolve per mit time per unit area at a fhed temperature- 

The mode1 of soIubiiity rate proposed in this study is constnicted on the physico- 

chernicd behavior of the poilutant in overland flow and by drawing on the analogy 

between mass and momentum tramfier. When the mathematical equatiom govemuig the 

performance of two systenis are identical in form, one system may be considered as 

being an andogy of the other. In this work, the andogy between mass and momentum 

transfer wi i l  be exploited to deveIop a mode1 of the dissolution process. 

The mode1 of soIubiIity rate is based on the foIIowing assumptions: since the solubility 

of soIids is oniy slightiy affected by pressure change, any pressure effects are negIected. 

During the process of dissoIution no new substance is created and the temperature 

remains constant PhysicaI effects sach as flow depth, bed shear stress and density of the 

poIfutant, as weii as chemid aspects such as solubiüty and reaction rate are considered 

The viscons-shear e~nation desmies the transport of momenturn tmder turbulent ffuid 

conditions. It may be expressed by a genefalized relation ofthe type: 



where s is the shear stress, p is a density of fluid, E is a tuhdent eddy viscosity or eddy 

diffusvity and dddy is the velocity gradent in the direction ofthe fhid fl ow. 

This relation may be written as 

where U and Y are respective characteristic velocity and length scaies. 

Define the ftiction velocity 

where u and h are the mean veIoaty and flow depth, respectively. 

The rate of surface mass transf'èr is typically descnied by an equation of the fom 

where k is a surfiace mass transfcr coefficient; C* and C are the saturated and local 

concentrations of the solute, respectively. Dividing ecpation (3.14) by (3.13) r d t s  ùi 

whexe k/E is the rec5pmca.I of the tarbuient Schmidt number. 

In the one edimensiond case, the temi a* */a may be dua ted  h m  the Manning eqtration 



and 

in which y is the specifk weight of water, R is the hydrauiic radius and Sr is the fiction 

slope. Substituthg equation (3.1 6) and (3.17) h to  equation (3.12), one obtains 

.. 

where R is the hydrauiic radius (=h) if strictiy one-dimensionai flow is considered. 

Final1 y, 

and writing this as a sohbility rate eqyation, 

The dimensionIess constant k2 is presumed to depend ody on the so1ubüÎt.y 

characteristics of the pllutant, it is d e d  a reaction rate constant, 

in the two-dimensional case, the total shear stress must be used: 



where 

S, is the solubiIity rate (kg/m2/s), 

h is the fiow depth (m), 

u, v are the components of ffow velocities in the x- and y- direction, respectively 

(mm* 

g is the gravitationai acceleration (mls3, 

n is the Manning roughness coefficient, 

C* is the solubility (kglm3), 

C is the Iocd concentntion (kglm3). 

Then the amount of pollutant dissolved Dp (kg) during the thne intervai dt in the area 

dxdy may be Wnttem as 



Dp =SI dt-dx-dy 

and the amount in the total area up to time t is 

pollutant is c o n s i d d  m this study, two different initial pollutant 

distniutions are assumexk 

Case 1, soiid pollutant applied d o d y  throughout the domain; 

Case II, solid pollutant applied at a given location. 

3.4 Poiiutant Transport Model 

Pollutant transport in the enviromnent takes place as a r d t  of two phenornena- 

advection and diffision. Pollutants are transported by the bulk motion known as 

advection. Diffusrffusrort is a process in which a substance in the solution migrates in 

response to concentration gradients. 

The starting point m the devdopment of mathematical eqyations to desmie the 

pllutant transport is to consider the physid processes that controi the flux mto and out 

of a volume elment A mass baiance over a stationary control voIume elemmt, h u g h  

which the fiirid is ffowing and poUotant is dissohing, is nrst estaf,Iished. When 

diffuson effects are sipnincant, the use of Fick's law d t s  in additional tams. Due to 

both advection and m o n ,  mass transport takes pIace in the system with fiuid motion 



and the total. flux is a combination of the advective and diffusive flux, The basic 

equation in two-dimensions may be wrïtten as (Yan 1995): 

where 

C is the concentration of the pollutant (kglm 3), 

u, v are the components of the advection veIocity in x- and y- direction, 

respectively (mls), 

Dx and Dy are diffusion coefficients in the x- and y-directions, respectiveIy 

(m2/s) - 

If the effects of rainfd-inf'iitration and solubility rate are taken into consideration in the 

equation, the advectioniliffusion equation may be wntten as: 

where 

Q is the raiddi intensity (mls), 

2 
S, is the sohbüity rate (kdslrn ), 

h Ïs the fiow depth (m). 

In this study, constant diffusion coefficients have been assumed- 



Fiathamore, by considering the Ioss or gain of sdute mass as a r e d t  of chernical 

reactions, the adsorption tam may be included in the advectiondiiffusion equation. In 

the presence of chanicd reactions, depending upon the chernicd processes, a constituent 

rnay be added or removed. Thai the pohtant transport equations are modified by 

source or sink terms- 

3.5 Adsorption 

Sorption is a significant phenornenon in most natumi physicaI, chernical and biological 

processes and involves a series of reactions which may alter the distniution of 

contamùiants. Sorption deais with the interphase accumulation or concentration on the 

d a c e  or intediace. The main cause of sorption is due to the hydrophobic property of 

solute to water or the high aff?nity of the soIute for the solid particles. The t e m  sorption 

which includes both adsorption and absorption, can be differentiated by the degree to 

which the solute molecule hteracts with and is h e  to migrate between the sorbent 

phase. Absorption is a process in which solute transferred fiom one phase to another 

interpenetrates the sorbent phase by at Ieast several manometric heads* In contrast, 

adsorption, Le, solute acrnmuIation is g e n d y  restricted to a d a c e  or interface 

between the solution and adsorbent In other words, adsorption is the acmtdation of a 

substance at the interface between two phases. The materid b e i .  adsorbed Îs the 

adsorbate or soIide and the adsorbmg phase Ïs the adsorbent AIthough adsorption 



processes rnay occur at any mterfaœ between two phases, m the present stiidy, ody the 

case of adsorption at the Iiquïd-solid intdace is considemi. 

The behavior, transport and ultimate fate of distniuted poiiutants in ovaland fïow may 

be signincantly affected by their participation in sorption reactions and related 

phenomena A fcundamentaI knowledge of the behavior of sorption of contaminants onto 

the subsurface contaminants is thus essential for predicting their environmentai impact. 

The degree to which the resufting effeçts can be quantSeci and predicted depends upon 

the extent to which certain tùndamental aspects of sorption are undastood, and upon the 

accuracy with which these phenomena can be characterized and modeled in compfex 

d a c e  and subsirrface flow systems. In the curent project, sorption phenomena are 

studied in some detail and incorporated mto the mode1 to understand the efféct of d a c e  

adsorption. 

There are different types of adsorption such as p h . M  adsorption, chemhi adsorption 

and electrostatic adsorption caused by the van der WaaIs, elecbrostatic and chemisorption 

forces. The rate of adsorption of  each adsorbate depends upon the attractive forces 

b-een solute maIecuIes, solvent mofecuies and the moIecuIes of the sorbent, and upon 

some other effecfs. Adsorption processes take place in three steps macrotransporf 

microtramport, and sorption, 



When the adsorbate contacts a solid adsorbent, mo1ecuIes of the adsorbate transfer h m  

the solution to the solid until the concentration of the adsorbate remaining in soIution is 

in dynamic equiEbrium with the solid. The distn'butioa of the solute between the Iiqyid 

and solid phases in an adsorbent-soIute-solvent system at epiliirium is termed an 

adsorption isothenn. The eqyiliibrium data at a given temperature is nsually represented 

by an adsorption isotherm, which expresses the relationship betwem the quantity 

adsorbed per unit weight of solid adsorbent and the concentration of the adsorbate in 

soiution. To rneasure an adsorption isothemi, known quantities of the solid adsorbent 

and the solution are placed m contact at constant temperature until the solution does not 

change in composition with the. The adsorption isotherm can be calculateci h m  the 

measured concentrations of the adsorbate in the soIution at the start and at eqdicbrium. 

AvaiIabIe isothemis inchde the FretmdIÏch isotherm, the Langmuir isothemi and the 

BET isothenn, 

The appropriate statement of m a s  concentration when sorption reactions are considered 

in the case ofone-dimensiond transport is (DomenÏco and Schwartz, 1990): 

where r is taken symboticdy as the mass produced or consmned per unit volume per 

unit time, and may be d e d  the rate 1aw- The phis and minus term designates either a 

source or a sink and takes on diffefent fonns for different reactions. Source ternis are 

nsnally specified in temis of a %te lasw"  This Iaw may be expressed in ternis ofthe rate 



of decrease of a reaction, or the rate of Uicrease of produd depending on which 

constituent is being descnied by the transport equatioa, The rate law incorporatecl in 

this equation is a generd one appropriate for both eqdiirium and kinetic sorption 

reactions. It may be expressed as (Domenico and Schwartz 1990): 

where C* is the concentration of the solute on the solid phase. 

The onedimensiond transport equation that incorporates the adsorption miction rnay be 

expressed as: 

I ac. ac ac a -- ac s, c-Q, +-+u-=-@~-)+-- 
n b a t  at d~ a~ a ? ~  h h 

For eqtüiiirium adsorption reactîons, the concentration of adsorbeci mass is a fimction of 

the mass in the soIution 

c. = f(C) (333) 

then the term aCJ& in e ~ ~ a t i o n  (331) may be WTitten in a more tractable term X/at. 

This produces a singie diffe~ential eqytion containing one dependent variable. The rate 

of mass adsorption per unit volume of porous meâium is (Domenico and Schwartz 

IWO): 



where S is the mass adsorbed per gram of soiI on the siirface, and pb is the bulk dmsity. 

Substituthg eqaation (334) into eqpation (3.32) r d t s  ia. 

The bulk density may aiso be expressed as 

where p, is the mass density, n b  is the porosity for a M y  saturatecl medium, the fluid 

volume per u n .  totd volume. By taking the linear FreundIich isothemi and 

differentiating with respect to the, the foiIowing expression may be obtained 

where is the distncbution coefficient, 

Combining equations (334), (3.3 6) and (3.37) gives 

Substitutmg apation (338) into qation (3.32) and rearranging terms &es transport 

qation for the simple case of hear sorption 

In the case of adsorption-desorption, the rate of sorption is a hction of bot6 the 

concentration ofthe mass m solution and the mass sohed on the sd, Le., 



-- des - f (C, S) 
at 

The following tbree speciai cases of adsorption and desorption are considered in this 

study. 

A rate expression for the adsorption process which considers both the forward and 

backward kinetic rate coefficients on the surface of the adsorbent has been derived by 

Van Genuchten et ai, ( 1973): 

where kr and k2 are the fonvvd and backward kinetic rate coefficients, respectively. The 

backward rate coefficient k2 and the partition coefficient k&, are independent of 

concentration. For eqnilibritm adsorption (as/& = O), and equation (3.4 L ) reduces to 

S = @k,C l pk,) exp(-2bS) (3 -42) 

The values of ici, k2 and b may not be the same for adsorption and desorption, and hence 

may change with the sign accordmg to the adsorption rate, e-g., 



where b* and bas represent the values of b used to d e s d e  the adsorption and the 

desorption of the pollutant, respectively. Substituting equation (3.41) into equation 

(33 5) yields 

The second rate expression considerd is (Van Genuchten et al. 

This ecpation is a first-order kinetic rate equation, with fintader forward, ri, and 

backward, krt, kinetic rate coefficients. For equüiirium adsorption (ûS/+O), it reduces 

to 

S = (k:B / kip,)CN = k,CN 

where ka is the d i~ tn%~on coefficient. 

Substitutmg eqaation (3.45) hto eqyatïon (3.35) @es 



35.3 Mode1 III 

The Freundlich equation has been shown to desmie the relationship, at equil'briurn, 

between the amount of soiute in solution (C) and the amount ofsolute adsorbeci (S). The 

Fretmdlich eqyation is as foIIows: 

s=IQcN 
DiEerentiating this equation with respect to t h e  gives 

Substitution of this equation into qat ion (3.35) dows this equation to be expresseci m 

terms of one dependent variable C: 

P ac 
(1 + A -  kd *N*CN-t)-  

11, at 

me compkte two-dmiensiond pllutant transport equation which mcludes advection, 

-*on, dissoIution and adsorption processes, may then be expresseci as, accordiug to 

equation (3.39, 



-- ac ac a ac a ac s c -Q,  
P b  as +-+u-+v-=-(Dx-)+-(D,-)+-- 
n, at at d y h  h a  @ h  h 

When N = 1. substituthg equation (3.49) into (3.51), one obtains 

where 

In this study, the units are specified as folIows: 

ûWût is the adsorption rate, 

b is the d a c e  stress coefficient (kgkg), 

C is the concentration of the poUutant in the soIution @glm3), 

Ce is the concentration of the soIute on the soüd phase (kg/m3), 

D is the diffusion coefficient (m2/s). 

is the distributon coefficient, 

kt, k' are forward kinetic rate coefficients (d), 

kL V2 are backward knietic rate coefficients (s-'), 

S is the qnantity of mass adsorbed on the d a c e  @g/kg), 

t is the time (s), 



u,v a~ the components of the velocities in the x- and y&ectiom, respdvely 

Ws) ,  

x is the linear distance in the direction of the flow (m), 

pb is the buik density (kg/m9, 

p, is the mass density of soiI @gIm3), 

3 3 0 is the saturated wata content (m /m ). 



4.1 Introduction 

Following standard numericd integmtion techniques we consider a scheme that consists 

of dividing the computational domain into a coIIection of subintervals. A Taylor 

approximation to the derivatives is then constructed. in this work. the solution is 

approximated by a senes of piecewise continuous cubic splines between each successive 

pair of nodes. There is suffcient flexibility in the cubic spline procedure to ensure that 

not only is the interpolant continuousiy differentiable on the interval, but also that it has 

a continuous second derivative on the interval. 

Given a function f(x) defined on [a, b] and a set of nurnbers, called nodes, a = xo < x i  < 

... c x, = b, a cubic spIine interpolant, S(x) for f(x), is a hction that satisfies the 

foliowing conditions (Burden and Faires, 1993): 

a. Si denotes the cubic poIynomiai S(x) on the subintervai [xb xi+{J for each i = 0, 1, ... n- 

1; 

b. S(xi )  = f(xi) for each i = 0, f ,..., n-2; 

C- ShI(~i+r) =Si(~,l) foreach i =O, I,.,-, n-2; 

d. S'i+r(~hr) = SPi(xkl) FOC each i = 0. 1, .... n-2; 

e, Sn i+ I (~ l )  = SWi(xhI) for each i = 0. 1,--., n-2; 



t One of the following set of boundary conditions is satisfÏed: 

(1) S"o(m) = S"&II) = O 

(2) S'o(xo) = f (xo) and S',t(xJ = f (xo) 

Figure 4.1 shows the sketch of a cubic spline. 

Figure 4.1 Sketch of cubic sphe 

4 3  Basic Relations for a Cublc Spllne 

To construct the cubic spline interpoImt for a @en fbnction qx), the conditions in the 

definition are appfied to the cubïc poIynomials 

Si(x) =ai(x-xi)3 +bi(x-xi)' + c i ( ~ - x i ) + d  i 

for each i = O,I, ...n=I- 



The dope of the cubic reads: 

S;(X) =3ai(x-xi)' +2bi (x-x i )+c i  

The second derivaiive of the cubic is: 

Si@) = 6a,(x - xi) + 2bi 

The coefficients a i  bis Ci, and di may be obtained by solvuig the appropriate equations 

in the fonn of equations (4.1) to (44, 

Let 

f(x i)  = Si(xi) = yi 

Si'(xi) = mi 

S{'(xi) = Mi 

Then the Sct"(x) may be expressed in the subintervai [xct, xi] as fo11ows: 

Integrating equation (4.4) twice 



From equation (4.9, one obtains: 

+- Yi - Yi-! - M i  - Mi-! 
hi 6 

4 

The final relationship involvuig the first derivatives and the second derivatives may be 

4 3  Appiication of Cubic Spline Scheme 

Consider a second order partial dlnerentiai qa t i on  of the fonn 

Yt = f (Y, Y, Yix) 

To construct ~e mbic sphe interpoIant for a given hct ion y, an approximate so1utÏon 

may be represented as foiIows: 

(y& = f (Yi, mi9 Mi) 

The traditional - difference method is used to discretîze the t h e  derivative 



where CQ is a weighting coefficient O = O miplies an explicit scheme, CO = 1 represents 

a M y  Umplicit scheme. To faditate the application of the cubic sphe, equation (4.9) 

can be written as 

where Fi represents alI the fhction values as well as coefnciaits of mi a d  Mi at the 

previous t h e  step k; Ri and Qi are the coefficients o f  mi and Mi at the cumt  tune step 

4.4 Overiand Flow Equation 

4.4.1 Expiicit scheme 

The tsvodimensiond StVenant qations are r d e d  

They may be discretked m the mbic sphe Lac-Wendroff expIicit scheme (as devefoped 

by W~mg, 1985) as follows: 



The contuiuity wation (3.1) discretized dong the xdirection reads 

In the y-direction 

(4.12) 

where i and j are spatial node nmnbers in the x- and ydirections, respectively; k 

indicates values at the previous time dep, whiIe k+l represents values at the current tune 

step and At ir the time intexval. The terms u 2 h and ~h may be 
2 " 

regarded as artificial viscosity t m s .  These terms as intmduced in the shallow water 

equations serve to avoid numaicd singuiarities that may arise diuiag the process of 

computation. The r d t s  are unaffecteci by the added artinciai t a ;  it may be 

mentioned that the same method was used to solve inviscid fluid flow probIems by 

Wang and Kahawita (1 984). 

The c ü s d e d  form of the momentum e~nations may be expressed m the Sphe  Lax- 

Wendroff explicit schane as foIIows: 

For the momentem equation (3.2) 2) the x-dkdon: 



in the y-direction: 

For the mornentum equation (3.3) in the x-direction: 

and in the y-direction: 

In the equations above, the notations are defïned as follows: 

d'v 



The nnal spline approximation for the continuity equation may be expresseci as 

(4.1 8) 

Since the fiction tenns in the momentum equations are noniinear, they have been treated 

in semi-implicit fashion in order to avoid instabiIities, 

By substituthg eqyations (4.19) and (4.20) mto equations (4.13) and (4.15), and 

rearraaging temis, the nnaI cobic spIine approximation may be wnften as: 



k+ll2 - L 

Vi.j - {v!. +At[g*S n2 o g m ~ t J m  tJ '4 II Y 

T + 

k 

- Q - ViJ 
At - (u') L?' 

-u!'(v )k -g-(h )r. + 
h"' LJ rc i.j Y 1.1 '" (V )t.]) 2 XX LJ 

i.j 

The flow depths hk+', velocities and v*+' may be obtained ditectIy together with the 

bomdary c0nd~o11~~  Using the basic cubic sphe rel'ationships, the f k t  derivative mkl 

of h, a or v may be obtained h m  



The formulas for caiculating coefficients AG, B, Cu, DG and rnü are given in Appendix 

1. Further detaiIs may be fond in Wang and Kahawita (1984). The second derivative 

Mü of h, u and v can be eady obtained fimm the equation 

where y ~ .  represents the function, IQJ and Mu represent coeficients of the first and the 

second derivatives of h, u or v at nodes i, j, respectiveiy, and Ax is a constant spatial 

interval in the x-direction, whiIe in the y-direction, Ax is repIaced by Ay in equation 

(4.34). 

4.42 Impiicit scheme 

h alternative impticit f oda t ion  of the cubic sphe scheme dso reSuIts in an 

expression of the same tridiagond form as equation (4.10) 

As for the explicit scheme, there are two computationai steps in the solution procedpre 

of the discretized equatiomIIS The nrst step advances the soIution to a provisionid t h e  

k W 2  which is without any practical t h e  meanmg; rather it is a predktor step. This 

provisional solution is based on the vahe at previous t he  step n. The second correztor 



step now advances the solution to k+I, which mdicates the value at present time step, the 

k+In soIution is based on the value of k+t/2. The solution procedure follows the order h y 

The continuity equation (3.1) in the x- direaion at time step kW2 d t s  in: 

where 

The term ~ t u ~ 1 2  is regarded as an artincial viscosity ter& which corresponds to the 

difkivity term v m the diffusion equation. 



The momentum equations for the veIocity u at time step k+lR are, 

Substituthg equation (4.19) and rearrangeing 



Sirnilariy, the momentum equation (3.3) for the velocity v in the x - direction at time 

step k W 2  may be written as 

~arranging, equation (4.36) becomes 



At the second step, the cont'rmgty eqriation dong the direction at tirne step k+I may be 

written as 



where 

The momentum equation for velocity u at time step k+l may be written as 

Since Sq is a semi-implicit equation, by rearranging, the fonowing equation is obtained: 



where 



Qi,j = 
k+L12 2 

k+1/2 2 [('iVi 1 -1 
1 .  

n - g - A~,/(u') i.i '*"' + (v. 1.1 . 1 4 

The momentum equation for velocity v at tune step kt1 may be written as 

At . (vk+'12) 

- t.J ((v ) k+t12 f (v ) Lf')] 
2 .= LJ YY 1.J 

Reamnging, equation (4.50) becomes 



By incorporathg the cubic sphe reIations, the equatitons above may be transfonned into 

a set of equations for the hction yü which rnay represent h, u or V. 

A,y::, + Bi y!? t.J + C-YLII t i+f 3 = Di i=1,2, ...m;j= 1,2, ...n (4.~5) 

The flow depth h, veIocities u and v may be soIved by rearzsmging eqmtion (4.55) m 

tridiagomi ma* form. The detailed pmcedure for cornputmg the nrst derivative Q 

and MG are ùidicated m Appendix 1. 



The necessary condition for stabüity of this scheme is (Wang 1985) 

4.5 Transport Equatioa 

4.5.1 Explicit scheme 

The cubic spiine Lax-Wendroff expfÏcit scheme for the transport equation (3.52) may be 

written as 

and 

where 

The find discrefized fomi of eqyation (456) and (4.57) may be &en as fonows: 



The pohtant concentration C.flcan now be solved directiy. The first derivative and 
1.J 

the second derivative of the concentration may be obtained by using the same procedure 

of solving the continuity and mornenhim equations. 

4.5.2 Implicit seheme 

The alternative impiicit scheme for the transport qat ion based on equation (4.10), at 

time step k+I/2 may be expressed as: 

where m"IR and M ~ ' ~  represent X/âr and 8c/&cZt respectively, with 



At 
QU =-Dr Rf 

whüe at time step k+l 

whae mh'R and M" '~  represent ùC/* and &/M, respectiveIy, 

The equations may be t d o d  mto a scalar set of equations by using the cubic sphe 

rd ation. 

where y, represents concentration C at node i and j. 

The concentration C, its Erst derivative and second derivative may be obtained by ushg 

the same procedure for soIvmg the contaiaity and momentam equations- 



4.6 Initiai Conditions 

To start the numerical caicuiation, alI depths and velocities must be known dong the 

iand d a c e .  In the case of overIand fiow developing on an initiaily dry d a c e ,  a vey  

thin water laya is assumed before the flow is iminrtiated. This assumption is necessary to 

overcome the numerical singnlarity in the soIution procedure (Akan and Yen, 1981). 

The aumericd singularity that may d t  fiom the fiiction dope tam if the initial 

condition is for a dry bed d a c e .  The resuits are not affecteci by this assumption, a d  

the same method was employed by Liggett and Woobser (1967), Bang and Cundy 

(1989), Chow and Ben-Zvi (1 993) and Tayfbr et aI. ( I  993). 

In this study, the initial conditions for the oveiland flow equations are 

h(x, y, O) = 0.0000 1 m 

u(xt y, O) = o. 

v(x, y, O) = O. 

the fkst and the second derivatives of h, n and v are set to zero. 

The initial condition for the transport equation is 

C(x, y, O) = o. 

The f b t  and the second derivatives of C are a h  set to zero. 



4.7 Bounàary Conditions 

The bomdary conditions on the numerid model should correspond to the exi~ting flow 

regime. The upstream boundary conditions used for the overland flow equations are 

The discretued form at the upstBam boundary may be written as 



The dÏscretÏzed form for the overland flow equations at the downstreatu botmdary may 

be written as 



foreachi=O, I, ... m;j =O, 1, ..a. 

The upstrearn boundary conditions for the transport eqttation are 

The discretized fom for the transport e~nation at the npstream botmdary may be WTitten 

as 



whüe at the downstream boundary they may be miai as 

foreachi=O, 1, ... m; j=0, 1, ...n. 

Based on the type of the equation which is obtained by converhg the cubic splme 

formdae into three usefiu forms containhg either the value of t6e fcunction itseIf, its nIst 

daivaîive or its second derivative, the different boundary conditions wae  useci. 



CHAPTER 5: VALIDATION AND VERIFICATION OF MODELS 

In order to evaluate the scope of application md accuracy of the model, a cornparison 

between experimentalIy observed data, numericd prediction and analytical solutions was 

made. In this chapter, the validity of the enhanced model will be compared with: 

Anaiyticd solutions 

Data from published litenture 

Expenmental results obtained at the Ecole Potytechnique de Montréal. 

The model was first tested against three cases where analytical equations are available. 

The mode1 was then used to simulate rainfdl-ninoff events for which independent 

published data was available. Since no published data for rainfdI-runoff with poilutant 

washoff is aviIabIe, two senes of Iaboratory experiments were designed and executed 

in the Hydrodynamics Laboratory at the EcoIe Polytechnique de Montréal. 

Andytkd soIutions, if avdable, may be osed as important tooIs for the preliminary 

validation of numericd modeIs. In fact this step is essentid if snch soiutions exist- 



They have the added advaatage of providing a deeper insight into the relevant 

phenornena. Furthemore, very fiequentiy parameta sensitivity to the solution may be 

evaluated rapidy almost by inspection. However, anaiyticai solntions are restncted to 

problems with many tenns in the original eqyations being either simplined or totally 

disregarded. For this reasoo, checks between the numericd mode1 and the dyt ical  

soIutions may ody be regardeci as a partiai vedication. 

52.1 Conservative transport equation 

Analytical techniques for the solution of the transport equation are gaierally restricted to 

simple probtems with constant coeficients. There are very few analybcai soIutions to 

the one-dimenst*onal advection and advection-diffiision equation with vmtabIe velocity 

and diffiisIOon coefficients. The anaifical solution deriveci for the consemative and 

nonconservative forms of the advection and a d v e c î i o n 4 ~ o n  eqyations w*th a 

particuiar form of spatidy variable coefficients by Zoppou and Kaight (1997) has ken 

used. The particular forms of the spatidy variable coefficients considered are consistent 

with problems of polintant transport m an open Channel where the flow in the chamel is 

augmented by a steady, mipoIIuted Iatnai i dow  distn'buted dong the whole Iaigth of 

the chamieI. The two types of adythd sofutÏons to the transport eqnations may be 

written as foliows (Zoppou and Knighc 1997). 



The nrst example deds with a one-dnnensÏond cornervative advection-diffiisioon 

equation; it is written as 

where 

c = concentration of the poliutant, x = longitudind distance, u = one-dimensional fluid 

veIocity fie14 t = tirne, D = d i f i o n  coefficient The fo1Iowing initiai and boundary 

conditions are imposed on: 

c(x, O) = O  for x > XO, 

c(xo, t) = Q for x = xo, 

and c(m, t) = O  

The andyticd solution to equation (5.1) deweloped by Zoppou and Knight (1997) with 

the initial and bormdary conditions as specined above is: 

The parameters used for compmCson with the numerid mode1 are presented m TabIe 



Table (5.1) Parameters used in the Transport Eqoation 

The cornparison between the numericd mode1 and the anaiyticai solution is shown in 

figure 5.1. In generai, there is a good agreement between aaaiyticaI and numerical 

solutions. 

Figure 5.1 Cornparison between numerical r d t s  and anaiytid solution for 

conservative a d v e c t i o n ~ o n  ecpation (dhensîoniess) 



5 3 2  Non conservative transport equation 

The second example is the non-consemative advection-diffiison ecpation, in which a 

variable coefficient multiplies the advection term. The equation is expressed as 

The andyticai solution to equation (5.3) is 

Co hl(x / x,) - uot 
C(X, t) = -effc[ 

2 2 J G -  1 

where, Q, m, a and Do are constants. The same vaiues for these constants as listed in 

Table 5.1 were used. The concentration pronle at t = 2s obtained by numericd 

simdation and analyticaf solution is comparai in Figure 52.  The appearance of s m d  

negative vaines of concentration may be causeci by the numericd grid-scale oscillation. 

The gwd  agreement between the numerid and andyticai soIution is obtained. 



Figure 5.2 Cornparison between numerid results and anaiytiai solution for non- 

conservathe advertion-diffusion equation (dimensionless) 

5.23 Adsorption equation 

The third example of an anaiyticd approximation to the adsorption equation is the case 

of linear adsorption, which may be expressed by the folIowing equation: 

ac ac alc ac 0-+ k,-=8Dt-h- 
at at ax a~ 

The anaiyticai solution for this transport equation with adsorption was given by Bosma 

et al. (1992): 

where 



R, =1+k,/û (5.7) 

here, c = concentration of the pouutant, x = longitudinal distance, u = fluid ve1ocit-y in 

the x direction, t = time, D =diffusion coefficient, kd = distribution coefficient, 0 = water 

content, co = initial concentration, RI = Iinear retardation factor. 

The initid and boundary conditions for the concentration c are specified as: 

c(x, t) = O x > 0, t = O  

c(x,t)=co X=O,  t > O  

The values used in the test are indicated in Table 52. Figure 5.3 presents the 

cornparison between the numericaily predicted concentration profile for the adsorption 

equation and its andytical solution. 

Table (5.2) Parameters used in the Adsorption Equation 

Initial concentration Co (kg/m3) 

Constant difision coefficient D (m2/s) 

Constant veIocity uo ( d s )  

BuIk density p (kglm3 

Adsorption coefficient 

Value 



m m r e ~ * d  r d t s  exact sohtion 
- O 

9 1i 13 

Node (x) 

Figure 5.3 Cornparison between numerical resdts and anrlyticai resdts for 

adsorption equation (dimensioaless) 

Again, excellent agreement between the anaIytical and numerical redts is obtained. 

5 3  Cornparison with Pubiished FieId Data 

Tayfur et al. (1993) conducted a s&es of overland flow measurements on experirnentaî 

plots at the smaii hiii-dope scaIe. Their nmoff values are used here to verifjr the 

numerid r d t s  of the present schane, Furthemore, the eariÏer numerical r d t s  

obtained by the present anthor (Yan, 1995) using -te differences have also been used 

to compare with the r d t s  obtained ushg the cubic s p h e  scheme* A smnmary of the 



test parameter values is shown in Table 5.3. The unified unit5 (meter and second) are 

used. 

Table (5.3) CornputPtion Conditions for Numerid Test 

Rainfall intensity Qr 

Mütration rate Qi 

Dimension (d * 1) 

Sm 

Sv 

Manning coefficient 

Rainfdl duration 

Figure 5.4 compare the numerical msults obtained using the finite difference and cubic 

spline schemes with the experimentai data of Tayhr et ai. ( 1993). CIearIy, the numericd 

and experimentai results are in good agreement. 



TiME (mm) 

Figure 5.4 Cornparison between numerical results with the data of Taytùr (1993) 

5.4 Laboratory Experiments 

A search of the literature fded to provide any published data on the ninfall-mnoff 

process with infiltration and poiIutant wahoff. It was therefore decided to execute a 

series of simple experÎments that wodd combine the three processes, hopefully resulting 

in asefnl data that could be used to asses the performance of the complete modei. The 

experiments were reaiized in the E y d r o d ~ c s  Laboratory of the Ecole Polytechnique 

de Montr6tlI. 



5.4.1 The purpose of the erperiments 

The purpose of the series of laboratory expeCanents conducted in the present study was 

to evaluate and validate the numerÏcai mode1 by quatitativdquantitative cornparison with 

observed values. Since it is impossibIe to experimentdy test aii possible scaiarios for 

which a model may be appiied, model vafidation is necessdy reshicted to certain 

conditions. Two series of experiments were perfomed. in the fifit experiment, diffaent 

values of surface roughness and initial distribution of poiIutant was applied, while other 

factors such as siope and raùifd intensity were kept constant The experimental setup 

enmed that the poilutant concentration in the nmoff couid be measured- The second 

one is two-dimensionaI experiment, in which rainfalI-runoff relationships and poîiutant 

transport in overland fIow were investigated. Three different chemicals were used to 

simtdate the polIubnt, The design of the expairnent was conceived so that the 

folIowing ~uantities couid be evaluated: 

Determination of nmoff 

ConstnictÏon of cuzves for poIIutant concentration 

Investigation of the behavior of pollatant transport in overIand ff ow 



5.4.2 Ekperimentai setup 

Experiment 1 

The first series of experiments were conducted in a laboratory ff m e  of adjustable slope. 

The bottom of the flume is an irnpe~ous plate so that no infiltration can take place. 

The channe1 is 0.38 rn wide with a totd length of I I  m. The plate was iined with 

plywood, with sand grains gloed in place to fomi a uniformiy rough surface. RainfdI 

was supplied with tap water rhrough a rotameter so that the totd discharge may be 

measured and rnaintained constant. Uniform rainfdL was simulated using a row of 27 

atornizer nozzles over the usable fiume Iength of 8.35 m. A 30 min to 60 min rainfall of 

126 mrn/hr mean intensity was applied to the flume, with intensity varying sIightly 

between treatments. Runoff was collected at the downstream end of the channe1 and 

measured voIumeuicdIy. The fiow rate was cdculated by dividing the collected runoff 

voIume by the elqsed tirne. When the initial runoff reached the edge of the flume at the 

downstream end, the time dock for the measurements was started, The smirulated 

poilutant was common table sait (NaCI). In order to examine the effects of different 

surface roaghness, two mereut grain sizes were used for the experiments. The effective 

sizes of the graÎns were 0.25 mm and 0.65 mm corresponding to fhe and coarse sands, 

respectively. The maximum thickness of the Iayer for each case was IO mm. In 

addition, a third value of surface roughness was simuiated by repIacÏng the sand grain 

surface with a poIypropyIene grass carpet. The ronghness used in these expertments 



conesponded to vdues of the wefl-known Manning coefficient oE 0.012, 0.025 and 

0.05, respectbeIy. Figure 5 5  shows a sketch of experiment 1, 

From Water Source 
___) 

n "' 

Figure 5 5  Schematic of experimentai flume 

The tirst series of qeriments were comprised of five tests. In the first test, the smder 

sand grains were used. Powdered saft with a totai mass of 525g was spread unifomdy 

over the fiume. The siope of the flume was adjusteci to 0.005. RainfalI was initiateci and 

the experiment conducted in accordance with the methodology desmied eariiec The 

saline concentration in the nmoff was measured by cokcting 15 ml samples using 

syringes at stations situated 1.65,33,4.95,6.6 and 835 rn h m  the upstream end of the 

chamel. For the second test, the large sand grains were used with other parmeters 

being kept the same as m the fkst test. h the thgd test, the bottom roughness was 

simtdated with the poIypropyIene grass carpet. The initial poliiitaat di~trri~~oti, ra id id  

mtemÏty and channet sIope were simiIar to those wed m the nnt test A slightIy 

diffaent procedme for poUntant appfication was foiiowed in the fonrth test The gras 

carpet was again used as the bed d c q  however 525g of solid saIt was nrst âÏssoIved 



in water to form a sotution, which was then miifordy sprayed over the bed and dowed 

to dry. Ni other conditions were the same as in test 3. In the Fith test, the p s  carpet 

was used again, this time with 525g of solid sdt  king applied at a single station 3.3 m 

from the upstrea end. The dope of the flume was 0.0 1. Measuring stations for this 

experiment were located at 3335,4.59,5.995,7.246, and 8.35m fiorn the upsûeam end. 

A cornprehensive sumrnary of the test conditions for experiment 1 is given in TabIe 5.4. 

The second senes of experiments were conducted m a srnaII hydrology simulation tank 

Mode1 SI2 manufactured by Amfield Technicd Education Co. The land surface is 

represented by a shdlow tank, which is made of stove enmeled miId steel and is 

rnounted on a free standing h e .  Clniform rainfdl may be ssimuhted using 2 rows of 8 

spray nozzles above the tank and the run-off is led to a meamring system at one end of 

the equipment. The rain water suppiy to the equipment is provided by tap water. The 

bottom surface of the tank may be covered with any type of soi1 to simulate infItration. 

In this expenment the poIypropylene grass carpet was used to simulate an impermeable 

surface. The mn-off Ieaves the tank by an outflow weir at the sump end of the 

equipmmt A metai gattze covers this outIet thus preventing the soii being washed fiom 

the tank Provision is made to enable the siope of the tank to be adjusted withm f i t s  

by the use of leveüng screws fitted nnder the epipment fme. The saiient parameters 

of the eqyiprnent are shown in TabIe 5.5. 



The rainfi intensity is determined fiom an inline rotameter. The nmoff discharge is 

meanired with a weir at the outtlow. It is aIso possible to coflect water at the outiet and 

measure average discharge voIumetricaiIy. 

The bottom surface of the tank was divideci into 200 meshes, 20 in the x direction and 10 

in the y direction. Each mesh measures 0.1 by 0.1 meters. The poliutant was carefbily 

appiied to the mesh (6,3), the measurement stations were chosen at mesh (133) (position 

A), (18,8) (position B) and at the outlet. Figure 5.6 is a plan view of the experimentai 

setup. 

- I 

Figure 5.6 Sketch of esperiment two (iinits: mm) 



Table (5.4) Snmmiry of Conditions for Eirperhent 1 

No. 

- 
ï 

Surface 

(botiom) 

Location of SampIing 

Plywood with 

Smdi sand 

Solid saIt 

Uni f o d  y 

applied 

I.dSm, 33m, 4.95m, 

6.6m, 835m nom the 

upstream end 

Plywood with 

Large sand 

Same as 

above 

s&e as above Same as above 

grains 

Grass carpet Salt Solution 

Unifody 

S P ~ Y ~  

Same as above 

Grass carpet Soiid sait 

AppIied at 

one spot 

3335m,4.59m, 

5995in,7245m, 

8.35m h m  the 



Five tests were conducted as part of the second series of experiments. The gnss carpet 

was instaiied in the basin to simulate a surface mughness corresponding to a Manning 

coefficient of 0.05. Three types of chernicals were used to simulate pohants; 

Potassium Chloride (KCI), Glycerol-Phosphate and Caicium ChIoride (CaQ). 

Concenation was measured by colIecting 25d sarnples using syringes. Measurements 

at position A commenced 30 seconds dter rainfd initiation and 60 seconds at the outlet 

and position B. Genedy speaking, it took about 3-seconds to complete taking samples 

between position B and the outlet. Thereafier, the time internai For taking samples was 

30s for each station. The ninfdl  intensity used in the experirnents is controlled by the 

water tap, which is based on the operating flow rotameter. The vdue of rainfdl intensity 

ensured that the concentration of sample in the nmoff water could be sucked by syringes. 

The measured room temperature in the experiments is around 24*~, and the measured 

water temperature is amund 22'~. 

Table (5.5) Parameters of Hydrology Equipment 

I Heigiit of working surface I 
I Width of workuig section I 
Lengih of working section 

MaxlaXlmurn depth of water or soi1 

2m 

0-1 8m 



In the h t  test, 20g of solid Pohssium CbIorÏde (KCI) with sohibüity 347kgrn3 was 

applied at the "source point", 0.525111 h m  the upstream end of the tank and 025m tiom 

the Ieft tide of the tank, Le., at mesh (6,3). Rainfall intensity was 0.0000925m/s with a 

duration of 1 140s. In the second test, 22.5g of soIid Potassium ChIoride was appIied at 

the phtant  source. The rainfiill intensity was 0.0000875m/s with a duration of 1 140s. 

In the thud test, 14g of powdered GIyceroWhosphate with solubility 100kgh3 was 

applied at the pohtant source. RainfalI mtensity was 0.0000875mls with a duration of 

1320s. In the fourth test, 8g powdered Glycerol-Phosphate was appiieâ at the pollutant 

source. Rainf-1 intensity was 0.0000925m/s with a duration of 1320s. In the fi* test, 

20g soiid Calcium Chioride CaC12 witfi a solubüity of 735kg/m3 was applied at the 

po1Iutant source, R a m f i  intensity was 0.0000925m/s *th a duration 1500s. The unit 

of rainfdl intensity ( d s )  is used in order to uni@ the system of unit through the 

dissertation. Details are summarized m Table 5.6. AU samples were analyzed u h g  an 

electric conductivity meter and converted to concentration based on an experimentaI1y 

known reIationship between conductivity and concentration. 

5.43 The relationship determined experimentaily between conductinty and 

concentration 

The m e a d  poUutant concentration was detennnied tising a dcbrated conductivity 

meter (Fisher Mode1 152). The Mode1 152 conductivity meter Ïs a portable battay 



operated instrument for measuring the electricaI mnductivity of aqueous solutions over 

the O to 100,000 microsiemens/an range. The probe supplieci is specidy designed to 

cover this entire opaating range and fimction within a temperature range of O°C to 40°C 

due to a buiit in temperature compensation circuit, It can m m  and record solution 

temperature at the time the conductivity meaSuTement is taken and wiIi automaticaI1y 

correct the measured conductivity of a solution and mdicate what that conductivity 

wodd be if the test solution was at the refefence temperature of 2S0C, regardess of its 

actual temperatine. Before making sample measufernents, the instnmient/probe 

combination is calibrateci using a standard solution of known value. The most accurate 

results wilI be obtained using a standard solution haWig a conductivity value close to 

that of the solutions to be tested. in our case, the samples taken h m  the experiment is 

first measured. Thai based on this known (appmximate) conductivity, a standard 

solution is provideci. Using known concentration values of  KCI, CaCb and fbGlycerol- 

Phosphate, a standard relationship betwem electricai conductivity and concentration is 

estabbshed. Figures 5.7 to 5 9  indiate the reIationships between concentration and 

conductivity for p-Gtycerol-Phosphate, KCi and CaCI2, respectively. 



Table (5.6) Parameters for Expehent 2 

Surface 

roughness 

PolIutant 

used for 

simulation 

Grass carpet 

Grass c q e t  GI ycerol- 

phosphate 

Glycerol- 

phosphate 

Grass c q e t  



Figure 5.7 Calibraüon standard üne of conductivity-concentration 

for Glycerol-phosphate 

Figure 5.8 Calibration standard Iuie of conductM~-concentration for Caa2 



Concentration (g/l) 

Figure 53 Calibration standard Iine of conductivity-concentration for KCI 

Cornparison of numerical results with experimenta1 data for the first set of experïments I 

are presented from Figures 5-10 to 5.14. Recdi that thk series of tests were conducted 

exclusively with Sodium Chioride. The concentration is plotted against distance. 

DispIayed distances and concentrations are dimensionless. The x-axis represents 

distance divided by the total Iength of the flume, while the y-axis is the concentration 

obtained at the fued measurement locations divided by the maximum measured 

concentration. Each tine illustrates the concenaaàon distri'botion dong &e cchannei 

corresponding to different thes. The &ts of the Ionginidmd distribution of saüne 

concentration for test I in experiment I are given in Figure 5.10. The solid h e  



reptesents the numerid r d t s  at t he  360s, circIes represent experimentd r d t s  at 

time 360s. Figure 5.11 is the saline concentration aiong the ffume for test 2 of 

experiment 1 as a fimction of distance. Figure 5.12 gives the saline concentration dong 

the flume for test 3 of experiment I as a hction of distance. Figure 5.13 presents the 

results of saline concentration aiong the fiume for test 4 of experiment 1. These figures 

iflustrate the cornparkon between the numerical and experimental Wts under the 

conditions of d i f fm t  d a c e  roughness and mitid poUutaat distn'bution. The tendency 

of the numerical and experimentd results is essentidy qualitativeIy comtistent. 

However, quantitative disrrepancies exist between the numerical and experimentd 

r d t s .  Some of the reasons for the discrepmcies may be attniuted to meamernent 

bias. A more signifiaint reason may be due to the ekctnc condudvity meter. Et was 

discovaed that the batteries instdled were defective. Mer changing the batteaies in the 

mit the final test was conducted. The results tiom this test are summarized m Figure 

5.14. ClearIy, the expbentai r d t s  are better approximated by the numerical modeI. 

ComparÏsons of numerical &ts with experUnentai data for the second set of 

experiment 2 are presented in Figmes 5-15 to 5.19. Agaui, the dmieLlSionIess 

concentration is plotted agaiast the- The x-axis represents t h e  and the y-axis is the 

concentration obtaïned at diffèrent t h e s  divided by the maximum measnred 

concentration. Figure 5.15 is a cornparison between m e a d  concentration with 

numenCd r d t s  for PotassRrm Chionde KCI m test I of Qcpament 2. The midi& is 



supplieci at an iateflsity of 0.0000925m/s and 20g KCf is applied. The memurement 

station is Iocated at position A and at the outlet 

Figure 5.16 shows the simulateci and measlned concentration profiles of KCI with 

respect to time in test 2 of experiment 2 at position outlet, A and B, respectively. The 

&air is suppliai at an intensity 0.0000875m/s and 22.5g KCI is applied. These figures 

demonstrate fhat both sirnuiated and measmeci vaInes exhr'bit a s i d a r  concentration 

distribution pattern. 

For P-Glycaol-Phosphate, the same trend is observed at position A and at the outIet 

shown in Figures 5.17 and 5.18. The rainfaii intensity in Figure 5.L7 is O.O000875m/s, 

14g powde~ed P-Glycerol-Phosphate is applied, and the rainfdl intensity in Figure 5-18 

is O.O000925m/s, 8g powdered p-GlyceroI-Phosphate is applied. 

Figure 5.19 shows the cornparison between measured concentration with numer id  

r d t s  for m test 5 of experiment 2. The tauifaII is suppiied at an htensity 

O.ûûû093Cds and 20g CaC12 is appIid 
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Figure 510 Longitudioal distribution of satine concentration t = 360s 

(test 1 for experhent 1) 

Flgme 5J1 S a h e  concentration dong niune t = 36ûs (test 2 for experiment 1) 



Figure 5.12 Saline concentration dong flume t = 660s (test 3 for experiment 1) 

Figure 5.13 Saiine concentration dong ffume t = 420s (test 4 for experimcnt 1) 



Generaity, the numerical simulation displays satisfactoqr agreement with the 

experimental data Not surprisingiy, given the m e  complexity of the process, there is 

some degree of deviation between simdated and measured con cent ratio^^ Some of the 

discrepancies may dso be aîtributed to mors associated with the difEcdties 

encountered during the expdentaI procedure. 

Distance 

Figure 5.14 S~ff ie concentration dong nume t = 240s (test 5 for experhent 1) 
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Figure 5.15 Cornparbon between measured concentration with numericaï reselb 

for KCi test(1) for uperhent 2 



Position A 

Figure 5.16 Cornparison between measured concentration with numerical resuits 

for KCI test(2) for experhent 2 
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Fi- 5.17 Cornparison between mePsurrd concentration with numeriai resuits 

for GiycemLphosphate test (3) for experinient 2 
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Figare 5.18 Cornparison between meamreà concentration with numerieai teSPIts 

for GijmeroCphosphate test (4) for experiment 2 
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Figure 5.19 Cornparison between wasiued concentciaon with numericd resuits 
for CaC12 (k2 = 0.0001) test (5) for -riment 2 



CHAPTER 6: RESULTS AND SENSITIVITY ANALYSIS 

in this study, a two dimensional mathematicai mode1 for pollutmt washoff has ken 

developed and numerîcd solutions obtained. The governing differential equations for 

the hydrodynamic mode1 consists of the two horizontal-momentum equations and the 

continuity equation, these equations being based on the depth-integnted Navier-Stokes 

equations. The hydrnuIic effects of bottom friction, shear stress and turbulence, as welI 

as infdtration, dissolution and adsorption have been included. The bed shear mess and 

the fnction factor are represented by the empirical equation of Manning, while a 

turbulent kinematic eddy viscosity and surface mass trmsfer coefficient have been 

included. The dissolution process is described by the solubility rate equation, which 

depends on the solubility of the poiiutant and bed shear stress. The infiItration factor is 

evaiuated by using both Horton's and Green-Ampt equations. The transport and 

migration of poUutant are estimated by using the advection-diffusion equation with the 

adsorption factor being evaiuated by nsing three adsorption rate modeIs. The solution of 

the transport advection-diffusion eqriation proceeds independently of the equation for the 

overIand fl ow- 



At a given t b e  step, after obtauiing the distniution of hydradÏc varÏabIes h m  the 

equations of overland fiow with uinlûation and the d t s  from soIubiIity rate and 

adsorption equations which are solved individually, the pouutant transport equation is 

solved to predict the spatiai and temporal distniution of pllutant The solution 

procedure is indicated in Figure 6.1. 

Figare 6.1 Sketch of sotution procedure 

An dtemating cabic sphe integration scheme, based on the techniqye of Wang and 

Kahawita (1983a), has been used for solvnlg the set of eqnations com*st.ing of the 

s h d o w  wata wave equations and the poIIukmt transport eqytion. As indicated earIier, 

the scheme empIoys a piecewise cubk spüne represeatation, with a set of finite 



diffaence eqyations Iocated a€ each spIine- The method aUows both nonuniforrn or 

d o ~ n  grids to be employed Expikit or impücit formdations are possibIe, with the 

iatta being incorporated into a SADI (SpIine Alternating Direction Implicit) procedure* 

For a mathematical mode1 to find usefui appikation, it is essential that some n~n~en*cai 

experimentation, to determine the sensitivity of the resuits to various input parmeters, 

be reaiized. In this study, the behavior of poiIutant washoffwith the combineci effects of 

adsorption and Wtration has been investigated. T w o  d i f f i t  cases of initiai pollutant 

mass distribution were simdated: solid polIutant applied at a single discrete location, 

and lmiformly applied solid po~utant Findy, s e v d  tests were made to Utstrate 

application of the model. 

6.2. Sensitivity Anaiysis of Mode1 Parameter 

For the sensitivity andysk, the poIIutant soIubility, the reaction rate constant and h d y  

the dispersion coefficient were chosen as the salient parameters for the sensitivity 

anaiysis. 

Pollutant dissoIution is not ody affected by physicai e f f i  but dso affecteû by 

chem*caI effects, sach as, solubility and reactrton rate constant, The solubiiity of a solid 

reffects the extent to wkch the solid is fkvored in a di'ssoIution process- The soIubiray 

depends on the propdes ofthe poilutant and on the temperature. The d t s  obtained 



in this shidy involve the assulflption that temperature is kept constant during the process 

of dissolution and no new substance is aeated, This assumption is based on the 

experimental measprement. During the process of experimenf the measu~ed r o m  

temperature is dose to the measured water temperature. in orda to determine the 

sensitivity of the mode1 with respect to the sohbility, severai simuiations were carrieci 

out. 

Reaction rate constant is the reciprocai of turbulent Schmidt number, it is presumed to 

depend ody on the solubility characteristics of the poIlutantt Since no work has been 

experimmtdy done to estimate its value, the sensitivity andysis is necessary to indicate 

how the reaction rate constant inauence the shape and magnitude of the poiIutant 

concentration distribution, 

For a system with fluid motion, mass transport is genefally entded by advdon and 

diffusion. This combgied flux may be desmied rnathematically by combining the 

advection flux and the diffllsion flux. However, dinusion done does not fUy account 

for mixing durÏng mass btanspoa Mechanid dispemon m many systans is usuaiiy 

more Ïmportant, Logidy, if dispersion is to be incorporate- in to the advection- 

diflbion equatioa, it shodd be reflected m the veiocity t e m ~  UnforttmateIy, it has not 

been possible to do this in a smipIe way. Mead the coefficient of hydrodynamic 



dispersion is intmduced to incorporate the combined effect of diffiision and mechanid 

dispersion (Domenico and Schwartz, 1990). 

The coefficient of hydrodynamic dispersion is the sum of the coefficient of buik 

diffiision and mechanicd dispersion. Howeva, questions remain as to what is a redistic 

range of vaiues for the coefficient of dispersion. A large amount of research in 

developing relations for the dispersion coefficient has been realized m rivers and 

estuaries. Most of this work mdicates that it is highiy variable and cannot be accurately 

modeled outside a laboratory situation. in addition, a variety of laboratory column 

experiments have been done in gromdwater systems by previous researchers. The main 

emphasis of th& effm has been to estimate dispersivity vaiues fkom field experiments. 

They indicate that many dispersion studies have suffered fiom errons related to the 

coileaion and interpretation of field data Thus many of the published estimates of 

dispersivity should not be considered transferabIe to other sites. They also indicate that 

in m e n t  practice, the majority view stElI involves assuming that dispersivity vaiues are 

constant (Domenico and Schwartz, 1990). in overland flow, no work has been done to 

estimate dispersion coefficients. Conseqyently, the numerical tests reporteci here have 

been Innited to some assumed constant values for the dispersion coefficient, The 

dispersion coefficîent is an important parameter that influences the spatiai spread of the 

poilutant cIoud. ConsequentIy, overestimates or underestimates of its vaIue wilI create 

variabiiity in the concentrabion distniution which uitlmate affiéctr the amount of 



pllutant that wiU infiltrate into the subdace  and the amount that is transporteci by de 

groundwater- Thaefore, it is necessary to d y z e  the sensitivity of the estimated 

dispersion coefficient to indicate the variation in the resuits that rnay be obtained. 

Solubiiity is the maximum amount of a soIute that may be dissoIved in a solvent so that 

a saturateci solution is obtained. The symbol C* in this study indicates solubüity which 

is given m grams of the substance in IOOg of the soIvent at a particular temperahne. In 

order to illustrate the important effect of solubility, different values of solubüity were 

used, correspondhg approxùnately to Potassium chioride (KCl), C a i h  chioride 

(CaCi2), p-Glycero-phosphate, Barium Oxide (BaO) and I : 1: 1 ,Tnchioroethane (TCA). 

TabIe 6.1 lists the soIubiIity of the varÏous compotmds. Figures 6 2  and 6.3 demonstrate 

the two-dimensional spatial distribution of concentration for Ba0 and TCA at times 500s 

and 2500s. As expected, peak concentrations are obviously affkcted by soIubiIity, 

however the 'bspresd" of the poi1utant "clorrd" r e f d  to the peak concentration is 

reIativeIy tmaffected since the detennining fàctor for this wodd be the horizontal 

dispasMty. Figure 6 2  (a) shows the poiiatant concentration distriiutjon d g  BaO, 

and (b) illustrates that h g  TCA at t h e  5ûûs. Figure 63 (a) (b) demonstrates the effect 

asing Ba0 and TCA at time 2500s. Figure 6.4 was pIo«ed using ciÏf5i-t soInbilities 

and two nxed vaIues for reaction rate constirnt and diSpasidispasion coetnciait. It is evident 



that the peak concentration of poffutant with the Iarger solubiIity is higher than that with 

smaller solubility, and with increasing time, the maximum concentration decreases. A 

summary of the resuits is shown in Table 6.1. 

Table (6.1) Summ~ry of Solubüity Test Resnlts 

Name of Poflutant 

Ba0 (BaRum Oxide) 

TCA( 1 : I : I Trichioroethane) 

C3H706PNa2 

(p - Glycerophosphate) 

CaC12 (Calcium ChIoride) 

KCI (Potassium Chloride) 

For the numericd expetiment, the test domain consisted of an m a  of IOOm by IOOm, 

comprised of 20 by 20 grid cens providing an equd spacing of 5m. The tirne step used 

was At = 1s. A bed dope of O.ûO8 m both the x- and y-directions, a constant Manning 

roughness coefficient of 0.04 and a constant rainfaII intentity 0.000038mls for a duration 

of lOOOs was spenfied. The diffosion coefficient and the reaction rate constant assumed 

were 0.5m2/s and 0.0000 1 respeaively. The results were obtained using the cubic spüne 

ünplicit scheme. 



(a) Soolubility of Ba0 = 34.8 kgh3  

Maximum concentration C = 0.0028 1 kg/m3 

(b) SoIubüity of TCA = 12.5 kgh3 

Maximum concentration C = 0.000 IO l kglm3 

Figure 6.2 IdIuence of solabiIity on concentration distribution, 

Time = 5009, de = 0.5, k = 0.00001 



(3 Solubüity of Ba0 = 34.8 kglm3 

Maximum concentration C = 0.00723kg/m3 

(b) Solubility of TCA = 1-25 kg./m3 

Maximum concentration C = 0.000260kg/m3 

Figure 6 3  Infiuence of soIubility on concentration distribution, 

T i  = 25% de = 0.5, k = 0.00001 
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Figure 6.4 Plots of maximum concentraüon vs.time for the dwerent compounds 



62.2 Reaction rate constant 

The mode1 was nm to test the sm*tivity of the reactiton rate constant for the Barhm 
* 

Oxide, whose solubility is 34.8 kg/m3, while the d i m o n  coefficient was kept constant 

at 0 5  m2/s. The same computationd domain as in the previow test was used. Figure 

6.5 (a) and (6) ilIustrates the sensitivity of the reaction rate constant, (values of 0.00 1 and 

0.00001 were used) at time 500s, respectively, whrle Figure 6.6 (a) and (b) illustrates this 

sensitivity at time 2500s. The fesults indicate that the larger the reaction rate constant, 

the faster the dissolution of the ( d a c e  applied) solid poilutant and the higher the peak 

concentration in the nmoff. Table 6.2 summarizes the tests involvuig the reaction rate 

constant 

[n addition, nmnaicai tests for the reaction rate constant were made nsing 

GIycemphosphate with solubility 100kg/m3. Figure 6.7 is the nonnalized maximum 

concentration plotted vasus tirne- The four curves in this figure were obtained using 

reaction rate constants of 0.0005, 0.0001, 0.00005 and 0.00001. The effêct of the 

reaction rate constant on the dissolution process is quite mwked. This is because the 

reaction rate constant has a signifiant influence on the detay t h e  of the dissoItttion 

process- These cunres were dso used to compare with the eXpemnentaI1y measured data 

which is represented as circIes. By cornparhg the simulation resuits with experimental 

data, a best M vdue of reaction rate constant may be fotmd, ï i ~  ins case 0.000 1. 



Table (6.2) Cornparison of the Effeet of Reactioa Rate Constant 

in this numericd simulation, the test domain consisted of an area of 17m by Ih with 

Ax = Ay = lm. The tirne step used was At = 11s. A bed dope of 0.019 and O in the x- and 

y-directions, respectiveiy was imposed. A constant Manning roughness coefficient of 

0.05 and a constant ninfdl intensity 0.000 t 8Smk for a duration of 1320s was specified. 

The dispersion coefficient assumed was O. 1m%. An examination O€ the resuits from the 

numericd tests cleady indicates the significant influence of the reaction rate constant. 

The cornparison between the numericd simulation and experïmental resuits provide 

aseh1 information on the simpIe methodology to be followed for the determination of 

the reaction rate constant on the basis of experiments. 

-- - 

~ o l u b i l i t ~ ~ *  

Ba0 

-- - - 

Maximum Concentration 

(kg/m3) 

- 

- Reaction Rate 

Constant 

-- - - 

Maximum 

Concentration 



(a) Reaction rate constant k = 0.00 1, 

Maximum concentration C = 0.07 1 9kg/d 

(b) Reaction rate constant k = 0~0000 I ,  

Maximum concentration C = 0.0028 1 kglm3 

Figure 6.5 SeasMvity tests for mction rate constant, T i e  = 500s, 

C* = 34.8, de = 0.5 



(a) Reaction rate constant k = 0.00 f , 

Maximum concentration C = 0.00287kg/m3 

(b) Reaction rate constant k = 0.0000 1, 

Maximum concentration C = 0.00723kg/m3 

Figure 6.6 Sensitivity tests for reaction rate constant, T i i  = 25OOs, 

C* = 34.8, dc = 0 5  
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Figure 6.7 Sensitivity of reaction rate constant for Glycerophosphate 

6.23 Dispersion coefficient 

The influence of the diffusion coeficienl evaiuated using numericd tests, is illustnted 

in Figures 6.8 and 6.9. The resuIts obtained generaiiy confrm the expected behavior. In 

Figure 6.8 (a) and (b), difision coefficients of 0 2  m2/s and 1.0 m2/s respectively have 

been used and the results presented at a time of 500 seconds. in Figure 6.9 (a) and (b), 

the h e d t s  iire presented at tirne 2500s for the same two valaes of dispersÏon coefticients. 

Not surprisingIy, the Iarger diffusion coefficient resaits in Iowenng the peak 

concentration in the mnoff. This is because as the m a s  moves aIong with the mowig 

water, it ais0 spreads out. The contaminant mass occupies an mcreasingIy Ionger Iength 



thereby decreasing in concentration with the. The migration of the peak concentration 

of the pollutant with a smaiier difision coefficient is faster than that with the Iarger 

diffusion coefficient. Furthemore, since the plume is m e r  spread out, a qumtity of 

pollutant infiltrated into the soil wül be affected thus changing the way in which the 

pollutant is rediscributed between groundwater and surface water. Figure 6.10 is a 

simple representation of relationships between maximum poIIutant concentration and 

time with different diffusion coefficient values: dc = 0.1, 0.3, 0.5, 0.7 and L.0, 

respectively. From the figure, it is clear that small changes of dispersion coefficient 

could result in significant variabiüty in the spreading of the pollutant. The resuits 

described were obtained using the implicit cubic spline scheme. For purposes of 

cornparison, ihe same computations were repeated using the explicit formulation of the 

scheme. The results were virtuaily inâistinguishable from those obtained using the 

implicit scheme. The principal hydraulic conditions used in the simulation were the 

same as those used m the solubility test. The results of the diffusion coefficient tests are 

summarized in Table 6.3 



(a) DifCusion coeficien t dc = 0.2 

Maximum concentration C(max) = 0.0477 km3 

(b) Diffirsion coefficient dc = 1.0 

Maximum concentration C(rnax) = 0.0 184 kg/m3 

Fignre 6.8 Cornparison of the effect of diffirsion coefficient, 

T h e  = SOs,  C* = 357.5 



(a) Diffusion coeficient dc = 0.2 

Maximum concentration C(rnax) = 0.00605 kg/m3 

(b) Difision coefficient dc = 1-0 

Maximum concentration C(max) = 0.00 153 kglm3 

Figure 69 Cornparison of the effect of dahnion cwfficÏent, 

Tnne = 25ûûs, C* = 357.5 



Table (63) Snmmary of the Dispersion Cmcient Tests 

Difision Coefficient Maximum Concentration 

m2/s kglm3 

Figure 6.10 The e f k t  ofdiffnsion coefficient for the poUntaat, 

with @ = 357.5 and k = 0.00001 



infiltration is that process by which precipitation moves downward tbugh the d a c e  

of the earth and replenishes soü moisture, recharges aquifers, and uItbateIy supports 

streamflows during dry periods (Viessman et al. 1989). However, the role infiltration 

plays not onIy in affectkg nmoff quantities but also in canying ponutant concentration 

into the subsurface, hence the amount of pollutant inmtrating into the sod, is of  great 

interest in this project. Figure 6.1 1 shows the temporal evobtion of infÏltrated pohtant. 

When rainfall beguis, the rainwater innltrates into the soil with a concentration of 

pollutant close to its saturateci value. The innltration rate decreases with time as the 

surface layer reaches saturation. When the rainfdI mtensity exceeds the infiltration 

capacity, pondhg occurs, uitimately leadmg to the initiation of  ovaland flow. At this 

point in time, the poilutant is dissolved in the mo f f  and diluteci. The concentration of 

the po1lutant XItrating into the soiI decreases as time ùicreases. In the figure, the 

minus si@ mdicates the downward direction of the poiintant infiltrated- The numerid 

r d t s  provide quantitative mforxnation on how idiltration rate affects the poilutant 

penetration mto the soiI. As seen eark, this penetration is affecteci by dispersion. 

These d t s  lead to the concIaFion that the amount of pohhnt that ianltrats into the 

SOS depends on the hfZtration rate, the mnItrated area mvolved, duration time and 

concentration ofpoIIutant, 



63.2 Adsorption 

To simulate pollutant adsorption, the assumption is made that the original soii contains 

no poIIutants, and that the soil is not detached by rainfdl impact and entrained uito the 

flow. Figure 6.12 shows the amount of poIIutant adsorbed at different time steps. The 

simulation conditions are as follows: the domain is two-dimensionai measining 100 by 

100rn. It is ovedaid with a 20 by 20 mesh, in which Ax = Ay. The rainfaIZ rate is 

0.000038 m/s. Bed slopes are 0.086 in both the x- and ydirections. The Manning 

coefficient is 0.025, sohbüity 357.5kg/m3 and diffusion coefficient 0.4mZ/s. 525kg of 

solid poilutant is initially appiied at one grid cell. The simuiation resuIts confïrm the 

generally expected behavior, namely that with inmeashg the, the amount of adsorbed 

poIIutant decreases. The cornputationai r d t s  dso show that the mass loss fiom the 

source occurs initidy during the nifiltration, since the demase in concentration wodd 

be attributed to adsorption onto the soil. This loss can be quite significant A 

cornparison usïng three adsorption models, d t e d  in no imposant dif fmces being 

noted. This indicates that the effect of adsorption m the presence of d a c e  fiow is 

mder than for subsrrrface ff ow, 



t= LOOOS t = 2200s 

Figure 6.11 PoiIutant Mitrateci at tiw 200s, 600s,lOOOs and 2000s 



Figure 6.12 Amount of polïutant adsorbed nt t h e  800s, 1000s 1400s and 2000s 



6.33 Two initiai conditions for pllutant dietribptfon 

In this investigation, two cases of dace-applied poliutants are studied. The nrst case 

deais with a solid poliutant appiied on a spot of upstream Iand surface, whaeas the 

second case considers the solid poIIutant to be d o d y  applied throughout the domain. 

Figure 6.1 3 shows the tirne evofution of pollutant concentration for the first case. Figure 

6.14 shows the time evolution of pollutant concentration for the second case. ClearIy9 

when the pollutant is applied at one Iocation, the initiation of rainfall r d t s  in 

dissolution near the point of application resulting in peak concentration being sitnated 

near the upstream. Subsequently, the cornbined effect of advection and dispersion 

results in the position and magnitude of the peak concentration being d e d  

doWLlSfCeam with attenuation of the peak. When the poffutant is Imiformiy applied, the 

pollutant is uniformly dissoIved in the moff at the beginning. With increase of h e 9  

the poiIutant concentration m.@rates and accumuiates downstream where it £haDy leaves 

the domain. The peak concentration dways o c m  at the downstream end. 



Figure 6.13 T m e  evolution of poUatant concentration in the case of initiai poiiutant 

applkd on one spot 



t = 500s 
Cmax = O.ûûû403(kg/nP3) 

t = 1000s 
Cmax = 0.ûûûî430cg/mA3) 

t = 1500s 
Cmax = 0.000 1 7 9 3 4 ( k ~ ~ 3 )  

Figure 6.14 T h e  evoIution of pollutant concentration in the case of initia1 pollntant 

U o r m i y  appUed 



6.3.4 Ulümate fate of sdace  opplied poilutant simuïated by the numericd mode1 

using Cubic Spüne in temon wîth hplicit and expllcit formulation 

SeveraI numerical simulations were conducteci to gaierate the generd r d t s  for 

pmiicting the uitimate fate of d a c e  applied polIutant. Two formulations implicit and 

explicit o f  the cubic spline integration scheme with diffient numm*caI properties and 

computationd efficiencies were employed. The simulations were perfomied involving 

different aspects. Figure 6.15 shows the amount o f  pollutant infiltratai before pondhg 

time. Figure 6.16 shows the amount o f  poffutant St ra tec i  after ponding the. F i p e  

6.17 shows the amount of pllutant remained and dissolveci in water. Figure 6.1 8 shows 

the amount o f  pollutant wash-out. Figure 6.19 shows the amount of polIutant adsorbed 

and Figure 6.20 shows the amount of nmoE. In aII these figures, the mark soüd cVcIes 

represent the results obtained by using expücit scheme and the mark stars represent the 

results obtaùled by using implicit schane. These numerid tests conficm that the 

difference between the explicit and implicit cribic sphe schemes is negligible. The 

miplicit cubic spline scheme is therefore prefaabte owing to its computationai 

efficiency. These two schemes are aIso used to d a t e  the ultimate fate o f  d a c e  

applied poliutant, In addition, different mesh sizes are used in the tests. Figrire 6.21 

shows the poiIutant migration producexi by- diffefent @&, 15 by 20. 



Figure 6.15 Amount of poiiutant infiltrated before ponding using both implicit and 

explirit schemes 

explkit 
scheme 
9 

imp k i t  
scheme ,..- 

time (s) 

Fi- 6.16 Amount of poItutant nifiltrateci d e r  pondhg using both impllca and 

explicit sdiemw 



explicit scheme 

impliut scheme 

5.00 255.00 505.00 755.00 1005.00 1255.00 1505.00 L755.00 
time (s) 

Figure 6.17 Amount of poiiutant remainlng and dissolved using both irnplieit and 

expiicit schemes 

impIicit explicit 
scheme scheme 

time (s) 

Figure 6.18 Amount of poitutaut washed out wing both implicit and expficit 

scheme 



5.00 605.00 1205.00 I8OS.00 2405.00 3005.00 3605.00 

time (s) 

Figure 6.19 Amount of poiiutant adsorbed using both împiicit and expticit sehemes 

-08 8-42 16.75 25.08 33-42 41-75 50.08 58.42 

TÏÏe (s) 

Figure 6.20 Amotmt of runoff nsing both implieil and explicit seliemes 



t = Sûûs, Cmax = 0*0746(kg/mh3) 

t = 1 OOOs, Cmax = 0.0 19 8(kg/mA3) 

t = 200ûs, Cmax = 0.000662(kg/m"3) 

Figure 621 PoUutant eoncentran'on migration wifh different mesh size 



63.5 Poliutant migration 

FoUowing the preceding analy& Figure 6.22 shows the time evoIution of poIIutant 

concentration m the x-y plane. The pllutant concentrations are obtained at time 2509, 

SOOs, 750s, 1000s and 2000s, respectiveIy. These figures show that the poIIutant 

migration depemds on many factors, such as flow deptb, fiow velocities, bed shear stress, 

dissoIution and dispersîon, as well as solubility. hie to the effect of solubility, pollutant 

dissoIved during the process of mof f  initiation, resuIts in the a p p m c e  of a 

concentration peak. Poilutant is contuiuously dissolved and dispased around the point 

of application. The peak concentration migrates downstream due to the effect of 

adveaion. FinaIIy, the poIIutant is completeiy washed out and Ieaves the domain by 

infiltration and advection. These &ts adeqyately desmie the general behavior of the 

migration process of the pollutant. 



Figure 6.22 Time evolution of poiInt.nt concentration on r-y plrn 



CELWïFZR 7= CONCLUSIONS 

This dissertation has focused on the deveIopment of a numericd model to simuiate 

pollutant washoff from soil surface in the presence of infiltration and adsorption effects. 

A solubility rate equaîion to model the dissolution of the pollutant has been deveioped 

based on the anaiogy between mass and momentum transfer. The final set of goveming 

equations which includes the advection-ciiffision equation for the pollutant transport has 

been solved numericaIIy using an adaptation of the cubic spline integration scheme. The 

model allows explicit incorporation of variable surface roughness, infiltration, and 

different pollutant characteristics. The applicability of the model to two-dimensional 

pollutant washoff in overland ffow has been demonstrated with the effects of infiltration, 

dissolution, diffusion and different substances being incorponted. The overd1 

performance of the model is very satisfactory. The model may be used as a predictive 

tool to genente usefd results concerning the ulrimate fate of a surface appIied po1Iutant. 

The present sections of the numericd model have been ve*ed by cornparison with 

analyticai equations and published field data Due to the non-existence of 

comprehensive published data on polIutant washoff, a senes of experiments were 

conducted at the EcoIe Polytechnique, covering two main areas: ninfall/mnoff 

relationships and poffutant transport in overland flow. The numerÏcai model was then 

M e r  evaiuated ushg these data sets. The good correspondence obtained between the 



numericd resdts and experimental data c o h  that the nmnericai mode1 is a reliable 

tool for pcedicting poUutant transport in overIand fl ow. 

Considerable effort on developing the numeni techniques for this investigation was 

spent From the qyality of the resuIts obtained, it may be concluded that the cubic sphe 

scheme is an attractive and flexible solution technique for the numerical solution of the 

model in terms of its high accuracy, Iower computationd t h e  and ease of appkation. 

The s-tivity test of mode1 parameters indicates that the solubility and readon rate 

constant are the signincant parameters that inauence the process of polIutant dissolution. 

The dimensioniess ceaction rate constant k2 is prrsmned to depend ody on the solubility 

characteristics of the poIIutant. 

Thae are some improvements that can be made to renne the model. A laboratory 

caliration for dispersion value is needed. Based on the actuai behavior, the relations for 

the dispersion coefficient may be expresseci as functions of overland flow and soil 

parameters in the transport moûel. Additionai laboratory testing needs to be done on 

infiltration and adsorption; this will ensure that appIication of  the compkte nnmericaî 

model to reai cases may be reaüzed- 
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APPENDIX 1: Freqnently Used Cnbic S p h e  Formuiation 

Basic form of cubic spline scheme 

Y "' = + R + Q ~ ' M ~ '  
i 

Where y represents a function, m and M are fint derivative and second denvative, 

respectively, R represents a coefficient of frst denvative and Q represents a coefficient 

of second derivative. 

Exp k i t  scherne 

When explicit scheme is employed, the function hk+', uuL+'. Sf ' and ck+' may be solved 

directly, and then mi and Mi may be solved usmg basic relation of cubic spliae. 

A uidiagond system for the fimt denvative mi is as lollows: 



And second derivative may be written as folIows: 

Impiiût Scheme 

The basic form for the implicit scheme is the same as for explicit scheme: 



There are three ways to get the soiution by using the implicît scheme, 

a) A tridiagond system for the function yi: 



The following relations give the solution aigorithm for the first derivative, 

By using the basic dation ofnibic spline, the second derivative may be computed, 



A single tridiagond system for the f i  derivative mi,: 

The following simple relations gÎve the solution for hinction, 



di = y'*' + R'tlml' + QI'( 2mz  + 4m;' 
Ax. 1 

By using the sarne basic relation of cubic spline, the second derivative may be solved. 

c) Denvation of the scaIar set of equations containing Second derivatives only 

Where 



Using the following equations may solve the hinction y, 



By usùig the same basic relation of cubic spline, the second denvative may be solved. 




