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Groundwvater the major sourceof humandrinking water is susceptibleo contamination
from industrial and agricultural actiities. This researchdevelops a web-basedsimulation
systemof remotehigh performancecomputingmodelfor contaminantransportand retention
in soils. A three-dimensionahdwection-dispersio-reacion MRTM model, basedon previous
experimental and theoretical studies, is proposedto analyze the transport and retention
of chemical contaminantsin groundvater flowing through soils. Since three-dimensional
experimentsaredifficult to implementandverify, this simulationsystemprovidesscientistsan
alternatve to tracethe contaminantnovementin soilsoutsidelaboratories.

The alternatingdirection implicit (ADI) algorithm is usedin this study to reducethe
computationacomplity. Althoughthe ADI methodis very efficient to solve the governing
adwection-dispersio-adsorption equationsin the three-dimensionaMRTM model, achieving
higherorderaccurag with differentboundaryconditionsremainsa difficult researchopic. This
researclilevelopsanen numericalschemeo achieve second-ordeaccurag with theNeumann-
typeboundaryconditions.Furthermoreparallelcomputingis usedto achiese high performance

usingpowerful multiprocessocomputers.



A web-baseaimulationsystemprovidesusersa friendly interfacefor remoteaccesgo the
systemthroughinternetbrowvsers,soasto utilize remotecomputingresourcesransparentlyand
efficiently. In the client-sidecomputingone-dimensionaVIRTM simulationsystemthelegag
codewritten in FORTRAN andC arewrappedandreusedwith Java code,which providesthe
web-basedjraphicuserinterface (GUI). The sener-side computingthree-dimensionaliIRTM
simulation systemintegratesthe remote high performancecomputing resources,database
managemensystems,online visualizationfunctionality and web-baseduserfriendly GUIs.
Givenaccesgo thelnternet,userscanexecuteandmanageemotehigh performanceomputing
jobsanywherearytime, eventhroughaweb browserfrom alaptoppersonatomputer

In summarythis researcthasthe following four contritutions:

Extendingheone-dimensiondlRTM transportindretentionrmodelto three-dimensional

applications.

e Using the alternating direction implicit (ADI) numerical algorithm to reduce the
computationatompleity andachiezing second-ordeaccurag with the Neumann-type

boundaryconditions.

e Using parallel computing to achieze high performanceon multiprocessorparallel

computers.

¢ Integratingthe web-basedystermwith userfriendly interfaceswhich provide client-side

andsenersidecomputingservicesandweb-basedisualizationfunctionality
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CHAPTERI
INTRODUCTION

1.1 Motivation

This researchdevelops a web-basedsimulation system of remote high performance
computing model for contaminanttransportand retention in soils. A three-dimensional
adwection-dispersio-readion model, basedon previous experimentaland theoreticalstudies,
is proposedto analyzethe transportand retentionof chemicalcontaminantsn groundvater
flowing throughsoils. Efficient numericalalgorithmsarealsodevelopedto solve the governing
equationsgn the physicalmodel. Furthermore parallel computingtechnologiesare appliedto
achieve high performanceausing powerful computingresourcesFinally, web-basedntegration
providessimulationusersfriendly remoteaccesgo this systemthroughinternetbrowsers,soas

to utilize remotecomputingresourcesransparenthandefficiently.

1.2 Transport and Retentionin Soils

Groundwvater the major sourceof humandrinking water is susceptibleo contamination
from industrialandagriculturalactiities. Modernagricultureuseschemicalssuchaspesticides
andherbicidesheaily in orderto preventcompetitionfrom eitherinsectsor otherplantsfor the
sameesourceseededy crops.Althoughthesechemicalsontributeto theproductof suficient
yieldsof crops,theirmovementnto thegroundvatercausegnvironmentalproblems.They may
subsequentlynove down throughthe soil profile by agriculturaloperationssuchasirrigation,
and naturalphenomenauchasrain. The dissohed chemicalscanthenbe transportedwithin
the soil matrix andeventuallyreachgroundvateror suriacewaterreserwirs (Figure1.1). Such
contaminatiormay notonly producehumanhealthhazardsbut alsocauseglobalervironmental
disasters.For example, the intensive use of DDT, a persistentchemicalwith a field half-life

of 2-15.6years,incurreda global ervironmentaldisasterin the last century[1]. Therefore,

1
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Figurel.1: Differentprocessefor contaminantransporiandretentionin soils.

understandingnd estimatinghow chemicalsare transportedor retainedin soils is becoming
moreandmoreimportant.

Different processes,ncluding adwection, dispersion, diffusion, and adsorption, work
together or separatelyto determinethe transportand retention of contaminantsin the
groundvater (Figure 1.1). The movement of contaminantsthrough the soil matrix to
groundvateris primarily a liquid phaseprocesshut the partitioningof the chemicalsbetween
sorbedand dissohed phasess a critical factorin determininghow rapidly the contaminants
leach[2]. The adsorptionof contaminant$y soil constituentss animportantmechanisnof
retention. The ability for contaminantdo attachto the soil is determinedby the properties
of both the soil and the contaminants. Non-retainedcontaminantdend to leach dovnwards
throughadwection,which is the movementof the contaminantsvith the groundvaterflow. The
groundvater flow rate by the hydraulic conductvity of the soil is determinedoy Dargy’s law
[2]. Lateralspreadof non-retainedcontaminantsesultsfrom processesuchasdispersiorand
diffusion,throughchannelsandporesin thesoil matrix[3]. Diffusionanddispersiorproducehe
similar effectsandaredescribedy Fick’s law [2]. Dispersionresultsfrom theirregularitiesof
theflow pathin porousmedialik e soils,while diffusionsmoothe®uttheconcentratiorgradients

of contaminants$n soils.
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The term “adsorption” often includesall the retentionandreleasereactionsin soils, such

as precipitation, dissolution,ion exchange,and adsorption-desormih mechanismg4]. The
usual conceptualizatiorof retentionmechanismsn soils often includesequilibrium models,
in which it is assumedhat the reactionof an individual solute speciess suficiently fastor
instantaneousandkinetic models,in which the amountof soluteretainedor releasedrom the
soil solutionis time-dependentMulti-reactionmodels,investigatedn this researchdealwith
multiple interactionsof onespeciesn thesoil environment[4], accountingor reversibleaswell

asirreversibleprocessesf solutesin soils[5].

1.3 Literatur e Review

In orderto analyzethe transportand retentionof chemicalcontaminantsn groundvater
flowing throughsoils, experimentaland theoreticalstudiesgeneratedseveral reliable models.
Different numericalmethodswere appliedto solve the governing equationsefficiently, while
computemodelsweredevelopedto simulatethe physicalandchemicalprocessesThis section
briefly reviews the previous researchin the following aspects:analyticalmodels,numerical
methods,and current computerapplications. The shortcomingsof the previous work are
analyzedandsomeof themareovercomein this dissertatiorresearch.

Amongseveralanalyticalmethoddor thepredictionof movementof dissohed substancem
soils,onemodelwasdevelopedby Leij etal. [6] for three-dimensionalon-equilibriumtransport
with one-dimensionakteadyflow in a semi-infinite soil system. In this model, the solute
movementis treatedas one-dimensionatownward flow with three-dimensionatispersion
to simplify the analytical solution. One other model, proposedby Rudalov and Rudalov
[7], analyzedthe risk of groundwater pollution causedby leaks from surface depositories
containingwatersolubletoxic substancedn this analyticalmodel,the pollutantmigrationwas
alsosimplified into two stages:predominantlyvertical (one-dimensionaladwectionandthree-
dimensionaldispersionof the pollutantsin the groundvater Usually analyticalmethodshave
mary restrictionswhendealingwith three-dimensionahodelsanddo not includecomplicated

boundaryconditions.
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Dueto thedifficulties of gettinggeneralsolutionsin the analyticalmodels,mary numerical
modelsweredevelopedto simulatethesolutetransporandretentionprocessem soils. Deanest
al. [8] analyzedhetransporandfateof hydrophobicorganicchemical{HOCSs)in consolidated
sedimentsand saturatedsoils. Walter et al. [9] developeda model for simulatingtransport
of multiple thermodynamicallyeactingchemicalsubstances groundvatersystems.Islamet
al. [10] presentec modelingapproacho simulatethe complex biogeochemicainteractionsn
the landfill leachatecontaminatedsoils. However, none of thesethreeimplementationsieal
with three-dimensionatiomains. In numericalmodels, higher dimensionalityincreaseshe
computationatompleity greatly Therefore previousresearchusuallyusedsimplified models
to decreasehelevel of computationadifficulty.

Manguerraand Garcia[11] introduceda modifiedlinked-approacho solve the governing
partial differential equationgPDE) for subsuréceflow and salt transportby finite difference
method. A variantof stronglyimplicit procedureg(SIP), one of the mostpopularmethodsfor
solving matrix equationsby iteration, was adopted. However, when the desiredapplication
requiredafull three-dimensionamplementatiorof themodel,innovative modificationsmustbe
appliedto reducghecomputationsnvolved. In orderto circumwentthedifficultiesin fully three-
dimensionalsaturated-unsaturatdlow and transportmodels,Yakirevich et al. [12] reduced
the governing equationsto quasi-three-dimensiah formulations. This model coupledone-
dimensionalRichardsequationfor vertical flow in the unsaturatedoneand two-dimensional
equationfor horizontalflow in the saturatedzone. Simulationsfor the quasi-two-dimensional
caseusingfinite differencenumericalschemeprovedto be computationallyefficient. However,
this methodwas unstablefor large time steps,and could not be implementedfor the cases
in which horizontal water fluxes were significant. Someother numericalschemessuchas
Hopscotchalgorithm[13] and Galerkinfinite elementtechnique[14], were appliedfor three-
dimensionaltransportandretentionproblem. They all suferedthe efficiency problem,which

camefrom the computationatompleity in three-dimensionapplications.
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Thethree-dimensionahethod-of-characteriss (MOC3D)[15, 16, 17] is atransporimodel
that calculategransientchangesn the concentratiorof a single solutein a three-dimensional
ground water flow field. The groundvater flow equationdescribeshe headdistribution in
the aquifer The solutetransportequationdescribeghe solute concentratiorwithin the flow
system.The MOC3D coupledthe flow equationwith the solute-transporéquation sothatthis
modelcanbe appliedto both steadystateandtransientgroundvaterflow problems.Insteadof
solvingthe adwection-dispersio governing PDEsdirectly, this methodof characteristicsolves
anequvalentsystenof ordinarydifferentialequationgo increasecomputationaéfficiencgy. This
approximationinevitably decreasetheaccurag andprecisionof thenumericakesults. MOC3D
programs, developedin FORTRAN 77, are restrictedto mathematicallysimple retention
reactionssuchasfirst-orderadsorption.

In orderto avoid therestrictiongo complicatedadsorptie reactionsn theMOC3D, Selimet
al. [4, 5] developedanapplicationbasednthe multi-reactionmodel(MRM) andmulti-reaction
transportmodel (MRTM). The MRM model includesconcurrentand concurrent-consedive
retention processe®f the non-linearkinetic type. It accountsfor equilibrium (Freundlich)
sorptionandirreversiblereactions The processesonsideredrebasecdnlinear (first order)and
non-linearkinetic reactions The MRM modelassumeshatthe solutein the soil ervironmentis
presentn thesoil solutionandin severalphasesepresentinghemicalgetainedoy thesoil. This
modelis capableof describingchemicalsunderbatch(kinetic) conditionswithout considering
thewaterflow. TheMRTM modelrepresentanextensionof theMRM modelbecausé includes
transportprocesses additionto the adsorptiorbehaior of chemicalsn the soil ervironment
[5]. The kinetic retentionreactionequationsand adwection-dispersin equationsare solved in
explicit-implicit finite-differencemethodsn boththe MRM andMRTM models.However, only
one-dimensionaproblemswere considereddue to the compleity of the higher dimensional

problems.



1.4 Dissertation Contrib utions
This review shavs thatdueto the constraintof the analyticalthree-dimensionahodelsin
dealingwith realisticboundaryflow andtransporiconditionsandthecomputationatompleity
involved in numerical schemes,previous researchsimplified or avoided three-dimensional
models. Additionally, they do notfully utilize the currentpower of remotecomputingservices
provided by the Internet. Due to the lack of web-basedemotecomputingcapability the users
usuallyneedto installthe computationasoftwareon theirlocal computerdeforerunningthem.

Thisresearclovercomeghesedifficultieswith the following features:

e Extendingthe one-dimensionaMRTM transportand retentionmodel [5, 18] to three-
dimensional applications. Chemical experimentsfor the one-dimensionaltransport
and retentionare widely usedand proved for long time [4], while three-dimensional
experimentsare hardto implementand verify. Therefore,the MRTM model extension
to thethree-dimensionalomainprovidesscientistanalternatve to tracethe contaminant

movementn soilsoutsidelaboratories.

e Using the alternating direction implicit (ADI) numerical algorithm to reduce the
computationalcompleity [19]. Although the ADI methodis very efficient to solve
thegoverningadwection-dispersio-adsorption equationsn thethree-dimensionalRTM
model, achiezing higher order accurag with different boundaryconditionsremainsa
difficult researcltopic. Thisresearchilevelopsanen numericakchemeo achiare second-

orderaccurag with the Neumann-typdoundaryconditions.

e Using parallel computingto achieze high performanceon multiprocessorcomputers.
The ADI methodis suitablefor parallel computing, especiallyin the sharedmemory
environment. Using the OpenMR parallel implementationis realized“incrementally”

without alteringthe datastructureor programlogic of the sequentiatode[20].

¢ Integrating the web-basedsystemwith userfriendly interfaces, which provide client-

side and sener-side computingservicesand web-basedvisualizationfunctionality In
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the client-sidecomputingone-dimensionaMRTM simulationsystem,the legag/ code
written in FORTRAN and C are wrappedand reusedwith Java code, which provides
theweb-basedraphicuserinterface(GUI). Thesener-sidecomputingthree-dimensional
MRTM simulationsystemintegratesthe remotehigh performancecomputingresources,
databasananagemensystems,online visualizationfunctionality and web-baseduser
friendly GUIs. Given accesgo the Internet,userscanexecuteand manageremotehigh
performanceomputingobsanywhereanytime, eventhroughawebbrowserfrom alaptop

personatomputer

The rest of this dissertationis organizedasfollows. Chapterll discusseghe theoretical
backgroundf chemicaltransportandretentionin soils,andthe numericalmathematicsisedto
solve the MRTM governing adwection-dispersiodsaption equations.Chapterlll addresses
the web technologiedo integrate the remoteweb-basedsimulation systems,and ChapterlV
introducesthe parallel computingconceptsandtechnologies.ChapterV discusseshe results

andcomparison®f theMRTM simulations.Finally, the conclusionsaregivenin ChaptefVI.



CHAPTERII
THEORETICALMODEL AND MATHEMATICAL FORMULATION

This chapteffirst introduceshe theoreticabackgroundf chemicaltransportandretention
in soils. The multi-reactiontransportmodel (MRTM) addressesll the processe®f transport
andretention,including adwection, dispersion diffusion, and adsorption. After reviewing the
one-dimensionaMRTM model, this chapterdiscussesn detail the three-dimensionalRTM
extensionwhichis oneof the contritutionsof thisresearch.

Achieving high efficiengy in numericalsolutionto the governing equationsof the MRTM
modelis anothermajor topic of this research. This chapterreviews the numericalmethods
usedin the one-dimensionahodel,andaddressethe needto improve in thethree-dimensional
model. Thealternatingdirectionimplicit (ADI) methodwhichgreatlyreduceghecomputations
in higherdimensionalproblems,is appliedto the numericalsolution of the three-dimensional

MRTM model.

2.1 Theoretical Background

The fate of chemicaltransportand retentionis determinedby the cooperationof three
different models: the fluid movement model, the solute transportmodel, and the solute
adsorptionmodel. The fluid movementmodel describeghe groundvater flow in soils. The
solutetransportmodel describeshe solute concentrationwithin the groundvater flow. The
solute adsorptionmodel describesthe chemicalreactionsbetweenthe solute and the soils.
The calculationof solutionsof governing partial differential equationsof thesemodels,often
called adwection-dispersio-adsaption equations,are very computationalintensve in three-

dimensionatase.



2.1.1 Fluid MovementModel
The fluid movementmodelin soils describeghe dischage ratesfor the solutetransport
model. The soil columnis consideredas a regular parallelepipedof dimensionsX, Y, Z (X
orienteddownwards). The fluid entersthroughthe upperside (YZ) and exits at the bottom.
DefiningdV = dx * dy * dz asthefinite controlvolumeof dimensionsg, asthedischagerate
thatenterssidedy * dz, andp,, asthedensityof thefluid (aqueousolution),theamountof water

enteringthe controlvolumewill be:

MaSSin = Puwqzdydz (2.1)

Applying Taylor Seriesandtruncatingto the first orderterm, the massflux leaving the control

volumeis:
_ 04z
MaSSout = Pwqzdydz + pwdydza—da: (2.2)
i
Then,the netamountof fluid massaccumulateavertimeis:
oM 0
T TNASS gyt — MASSiy = pwdydzﬁdx (2.3)

Themassof fluid in the controlvolumedV canalsobeexpressedsM = p,,ndV, wheren

is the soil porosity Then,M = p,,ndzxdydz. Substitutingthis expressiorinto Equation2.3:

ot Puw oz

The term p,,n is consideredo be a function of the variation of the hydraulic headh with
time 0h/0t and somestructuralpropertiesof the medium. For an incompressibleluid (p,,
is constantanda non-deformablgorousmedium(r is constant)the equationis simplifiedto:

09y
_ Y% 2.5
0 5 (2.5)
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Dargy’s law provides: ¢, = K, 0h/0z. For a homogeneougporousmedium,the hydraulic

conductvity K, is constantSubstitutingDargy’s law into Equation2.5:

0’h
=K, — :
0=FK;zs (2.6)
Generalizingfor z, y, z directions:
0’h 0’h 0’h
KIW_FKya—y?Jer@ =0 (2.7
If themediumis isotropic:
0?h 0?h 0?h
K—+4+K—+K-— = 2.8
8m2+ 8y2+ 022 0 (2.8)
Therefore:
KV*h =0 (2.9)

SolvingEquation2.7or 2.9,thehydraulicheadh canbecalculated.Thereforethevelocities

atary pointin the soil columncanalsobe calculatedwith:

g = K; (2.10)

E )

wherei = z,y, z. Thesecalculatedy; valuesarerequiredby the solutetransporimodellater.

2.1.2 SoluteTransportModel
The solutetransportmodelin this sectiondoesnot considerthe adsorptionvhenthe solute
travelsthroughsoils. Working againwith acontrolvolumedV of dimensionslV = dz*dy*dz,
the flux (or rate of movement)of solute enteringfacedydz in the X direction, J, produces
a soluteinflow rate: J,dydz. Then,the soluteoutflow rateleasing the control volume along

this samedirectionis: J,dydz + 0J,/0x dzdydz. Doingthe sameanalysisfor theY andZ
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directions therateof accumulatiorresults:

oM,
ot

o5, , 91, , 01,
ox oy 0z

= —( )dzdydz (2.11)

Partof thecontrolvolumedV = dxdydz is occupiedby the medium.If thevolumeof water
per unit volume of bulk soil (volumetric soil water content®) is known, the total volume of
waterin thecontrolvolumewill be©®dV = O dzdydz. Thenthetotal solutemassn thevolume
element(at ary time t) is © CdV = © C dzdydz, whereC is the soluteconcentratiorin the

solution. Replacinghis expressiorinto Equation2.11:

00C _,0Jy  0Jy  OJ,
Simplifying:
9(e0) oJ, 0J, 0J,

o~ o T oy T o) (2.13)

Taking into accountthe dispersionand diffusion (Fick’s law) and the adwection (solute

movementwith water)processeghesoluteflux in the X directionis:

J,=—0D 9¢ + g, C, (2.14)
or

whereD is thedispersiorcoeficient. Applying Equation2.14to Equation2.13,thetransporin

the X direction(assuminghatthetransporin Y or Z is zero)is:

00C oJ, 0 aC
R T r e P (2:49)

Then,the so-calledadwection-dispersio equationresults:

poC _ _&C  4C
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In thethree-dimensionatase Equation2.16becomegin case® and D areconstant):

0eC 0’C oC 0’C oC 0’C oC
or
—6§t0 =0DViC -V(qC) (2.18)

To accountfor rates of removal or production of the solute (volatilization, root uptale,

irreversiblereactionsetc.),it is customaryto adda Source/SinkermQ:

a((;)_tc —0ODVC-V(q0C)-Q (2.19)

2.1.3 SoluteAdsorptionModel
The movement of chemicalsin soils is also influencedby the so-called”adsorption”
mechanismancluding precipitation dissolution,jon exchangeandadsorption-desorain. The
soluteadsorptionmodel combinestheseretentioneffects with the fluid movementand solute
transportmodels.
If anamountof soluteis retainedby the soil, the total amountof solutewill be: x = © C +
p S, wherep is the soil bulk densityand .S is the amountof soluteretainedby the soil. Then,

Equation2.13changeso:

0©C+pS)  0J,  0J,  0J,
o - ety ta) (2.20)
If ©® andp areconstant:
oC os  0J,  0J,  0J,
@E—f—pa = _(a—$+ 8y + 92 ) (221)

Combining the adwection-dispersin Equation 2.17, all the processesdncluding adwection,

dispersion,diffusion, and adsorption,can be describedin the following three-dimensional
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adwection-dispersio-adsorption equation:

oc  9S o*C oC o*C oC o*C oC
0 —+ C)

ot paz ww—qw%+ ya—y?—an—y+ zW_ng_Q (222)

Thisadwection-dispersio-adorption equationtakingtheg;, g,, andg, valuesirom thefluid

movementmodeldescribedabove, governsthefateof chemicaltransporiandretentionin soils.

2.2 One-dimensionalMRTM Model
Themulti-reactionmodel(MRM), presentedby Selimetal. [4, 5], includesbothconcurrent
andconcurrent-consedue retentionprocessesf thenonlinearkinetictype. Themulti-reaction
transportmodel (MRTM), an extensionto MRM model, incorporateghe retentionprocesses
into the convection-dispesion equationfor solutetransportin soilsundersteadywaterflow [4].
The computerprogramdor the one-dimensionalRM andMRTM models,usingthe explicit-

implicit finite-differencenumericalmethod weredevelopedfor DOS-basegersonatomputers

[5].

2.2.1 AdsorptionModel

The MRM model accountsfor both equilibrium (Freundlich) sorption and irreversible
reactions. The processesonsideredare basedon linear (first order) and non-linearkinetic
reactions. The multi-reactionmodelis capableof describingchemicalsunder batch kinetic
conditionswhere water flow is not considered. The details on the hypothesizedconceptual
model andthe correspondingnathematicaformulation, as presentedn Selimetal. [5], are
summarizedelow.

Thepresencef thesoluteis postulatedo occurin six phasegFigure2.1),whereinteractions
arerepresentethy Equations2.23to 2.27. In thoseequationsk, is a distribution coeficient,
b is a Freundlichparameter® is the soil volumetricwatercontent,k; arekinetic reactionrate
coeficients(z = 1,2, 3,4,5,6), U andW arereactionorderparametersandk; is akinetic rate

coeficient. Thesix phasesre:
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] Porous Media Grain

o Solute

— :
+«——  Reversible

+—  Equilibrium

@ —* TIrreversible

Figure2.1: Solutephasesndadsorptre reactionsn soils

C': solutedissohedin thewater(concentrationn the soil solutionphase).

Se: solute sorbedreversibly in the soil and always in local equilibrium with the soil
solutionphaseC".

S, = kaC° (2.23)

S1: solutesorbedeversiblyin thesoil andreactingkinetically with the soil solutionphase

C.
oS
pa—tl = Ok CY — pkyS; (2.24)

So: solutesorbedeversiblyin thesoil andslowly reactingkineticallywith thesoil solution

phaseC:
882 W
P = OksC™ — pkySo — pksSa + pkeS3 (2.25)

S3: solutestronglyandreversibly sorbedin the soil, slowly reactingkinetically with the

So phase:

% = k552 — kg3 (2.26)
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¢ S;.: solutesorbedrreversiblyin thesoil (irreversiblesink term),reactingkinetically with

thesoil solutionphaseC’
aSiTT
Y

= Ok,C (2.27)

In the numericalmodel,the kinetic reactionpertainingto S» is only considereaconcurrent
(notconsecutie), thereforethelasttwo termsin theright handsideof Equation2.25(—pks.S2 +

pksS3) arenotincludedwhenimplementingthe numericalalgorithm.

2.2.2 TransportModel
The MRM modeldescribeghe retentionor adsorptionprocesses soils wherethe water
flow or transportprocesss not considered.The MRTM model,asthe extensionto the MRM
model, incorporateghe retentionprocessesnto the adwection-dispersiorequationfor solute
transportin soilsundersteadywaterflow. Derived from the soluteadsorptiormodelmentioned
in Section2.1.3,the descriptionof chemicalmovementthroughthe soil matrix is given by the

adwection-dispersio-adsorption equatiorfor one-dimensionalow:

oS oC oC 0’C

Here,S is the soluteconcentratiorassociatedvith the solid phaseof the soil, p is the soil bulk
density D is the hydrodynamicdispersioncoeficient, ¢ is the Dargy’s water flux density @
is a sink term, z is the soil depth,andt is thetime. R is a retardationterm that accountdor

equilibrium-reversiblesoluteretentionin the sail. It is explicitly introducedas:
bt (2.29)

The MRM modelis connectedo thetransporimodelthroughS, suchthat:

85 9S. 95  0S, 05;

S:Se+S1+SQ+Sg,—> ot 8t+ﬁ+ﬁ+ ot

(2.30)
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and
asi'rr

Q=p N

= Ok,C. (2.31)

In orderto simplify discussionssteady-statevaterflow conditionsareusedandit is assumed

thatthe soil matrixis homogeneouandisotropic(p and® areconstant).

2.2.3 NumericalMethod

The existence,uniquenessand other propertiesof the solutionsto the partial differential
equationscan be studiedanalytically [21, 22]. However, the analytical solutionsare often
approximatedy numericalmethodsn practicedueto their compleity [23, 24]. Thisresearch
usesthefinite differencemethod[19, 25|, oneof the mostwidely usednumericalmethodsto
solve thegoverningadwection-dispersioadsarption equationsn the MRTM models.Thefinite
differencemethoddiscretizeghe spaceandtime domainsgnto grid points,andapproximateshe
dervativesby differenceformulaat thosepoints. The advection-dispersin-adsoiption equation
for the one-dimensionaMRTM modelis assumedo be well-posedwith the following proper
initial andboundaryconditions.

For a soil profile of depth L, initial conditionsare imposedby Equations2.32 and 2.33,
which assumehat the soil containsa uniform initial concentrationCy in the solutionandthe

soil matrix is devoid of sorbedphasest time zero:

C=Cy t=0, 0<z<L (2.32)

Se=81=8=58=0, t=0, 0<z<L (2.33)

TheDirichlet-typeboundaryconditionsrepresentetly Equation®2.34and2.35assumeéhat
asolutesolutionof known concentratiorC; is appliedat the soil surfacefor agivendurationt,,.
This solutepulse-typeinput is assumedo be followed by a solute-freesolutionapplicationat
thesoil surface:

oC

in:—G)DE—I—qC, z=0, t<t, (2.34)
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0:—®DZ—S+qC, z=0, t>t, (2.35)

At thebottomof the soil profile,a Neumann-typdoundaryconditionis specifiedas:

g—izo, z=1L, t>0 (2.36)
The MRTM model is basedon the MRM model, and describesthe chemicaltransport
and retentionin soils. In the one-dimensionaMRTM model, the kinetic retention-reaction
equationsand the adwection-dispersio equationare expressedn finite-differenceforms and
solved using explicit-implicit finite-difference methods,subjectto the initial and boundary
conditionsdescribedabove. The numericalsolution provides distritutions of C' and S at

incrementaldistancesAz andtime stepsAt¢. The soluteconcentrationin solution and solid

phasesreexpresseds:

C(z,t) = Clilz, jAL) = C7 (2.37)
S(z,t) = S(iAz, jAL) = 87, (2.38)

i=1,2,..,N, j=12, ..,

whereN = L/Az is thenumberof incrementatlepthsin the soil.

Therearetwo typesof finite differencemethoddor time-dependenproblems:explicit and
implicit [19, 25]. The explicit schemes usually easyto implement,but lessefficient dueto
the strict stability requirement. The implicit schemehas better stability, but often needsto
solve a computationaintensve systemof algebraicequations.The Crank-Nicolsonalgorithm
[19, 26], mixing the explicit and implicit features,is usedto solve the governing adwection-
dispersion-adsorign equationin the one-dimensionaMRTM modelwith both accurag and
stability advantages.

Thesoluteconcentrationattime stepj + 1 in solid phasesrecalculatedusingthe explicit

schemelt is assumedhatthe concentratioristribution attime j andj — 1 is known throughout



18

thesoil. Thus,theadsorptiortermsarediscretizedoy:

p% = Ok CY — pkyS; = 9’91[%][] _ Pk2(51)g, (2.39)
p% = OksC" — pksSy = @k?»[%]w — pka(S2)], (2.40)
P % = pksSy — pkaSs = pks(S2)] + ps(S3)] (2.41)
P ng;r = OkC= W%%. (2.42)

The Crank-Nicholsonalgorithm is applied to translate the one-dimensionalMRTM

governingequation2.28into thefinite-differenceform. Thedispersiortermis discretizedoy:

L . o
PC _ opCin —201" + L Ol —20] + O,

D52 = 2(Az)? 2(Az)?

+0(Az)?, (2.43)

whereO(Axz)? is thetruncationerror

Theadwectiontermis expresseds:

1 i1 ) )
oC _ Ci]—|—1 - C?—l + Cz']+1 - Cz']—l

]

q% —4 4Azx 9 4Azx

+ O(Az)?, (2.44)
with thetruncationerrorof orderO(Axz)? too.

Thefinite-differenceversionof theaccumulatiorratetermin Equation2.28is:

. oIt o

wheretheterm R{ is calculatedwith:

(2.46)

R]_-:prKd ol ol _
g 2 2

After replacingall finite-differenceequationsnto Equation2.28,the termscontainingthe

unknavns G/, ¢/ andCy}f| aregrouped.This groupingprocesss summarizedsfollows.
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Replacemendf thefinite-differenceEquation2.43,2.44and2.45into Equation2.28leadsto:

8s  _; citt ¢l
E + Ry GiAt
1 i+1 i 1
T z)2
Cg-:_ll CiH—ll _ qu—I—l CJ 1 _ @k’ (Cj+1 + Cj) (2 47)
4Azx 4Azx 2 '

Groupingunknavn termsto theleft andknown termsto theright:

of

(40 + Pt 1 oy + B

. . aIB
HNedtt 4 (T )019:11
~YD(Clyy ~ 26} +CLy) = (Gl — OL)

At ks % Atp oS
2 e o T (2.48)

A A

Equation2.48generateatri-diagonalN x N systemof equationof theform:

alCIH + bICIT v ulolt! = ¢ (2.49)

whereN is thenumberof incrementablepthsin the soil (N = L/Az), and
ol = —(yD+ ),

. Atk .
bg_27D+t—+R§.

s.h

= —vD,

ef—vD«aH—2cﬁ+ci> oy

J Atks ~J AthS J
i1 — Ci_y) — =520 — + R;C;.

Expandingequation2.49for a generictime stepj + 1, thetridiagonalnatureof the system

is moreclear:

d It oIt it 10

0+ Jcﬁ-l_l_b?CJ‘H_l_ CJ+1_|_0 .................. — ol
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e+ 0+ alCy T A RO o 40 =6 (2.50)

e+ 0+ ay OF + B ONT + O = €y

The Crank-Nicolson algorithm is unconditional stable with the accurag of order
O(A#?, Ax?) [19, 26]. The systemof equationsgeneratedy the Crank-Nicolsonalgorithm
can be solved usingthe Thomasalgorithm[27] with tri-diagonal Jacobiancoeficient matrix.
The soluteconcentrationsn the soil solution(C/ ™) atall the nodalpointsaresolved with the
amountof soluteretainedby the soil (S?) calculatedexplicitly. TheseC? " valuesarethenfed
into Equations2.24t0 2.27,to calculatethe S/ . Thesolutionto thoseequationgrovidesthe
amountof sorbedphasesiueto theirreversibleandreversiblereactionsattime 5 + 1. In this
way, theadsorption-reactioaquationsarecoupledwith theadwection-dispersin equationsThe
computationalntensve partof the one-dimensionaMRTM modelis to solve the systemwith
tri-diagonalJocobiancoeficient matrix. Sincethe compleity to solve the systemof equations
(O(N)) is proportionalto the productof the squareof the bandwidth(which is 3) with the
dimension(whichis N) of thesysten]28], thenumericalschemeappliedis efficientenoughfor

theone-dimensionaliIRTM model.

2.3 Three-dimensionaMRTM Model and ADI Method
Most previousresearchsimplifiedthethree-dimensiondtansportandretentionmodelswith
differentapproximationg11, 12], or even avoided the three-dimensionaproblem([8, 9, 10].
Thereare mary theoreticalor numericaldifficulties to overcome. Generalsolutionsare hard
to get through analytical methodsdue to the complity of the three-dimensionaproblems
for transportand retentionin soils [6, 7]. Numerical methodsalso have the difficulty of
computationatompleity [13, 14]. However, thedevelopmeniof efficient numericalalgorithms
(suchasalternatingdirectionimplicit (ADI) method29]) andthesenersideparallelcomputing
technologiesnake the solutionto therealthree-dimensiondIRTM modelnotonly possiblebut

alsoefficient.



21

2.3.1 Three-dimensiona/IRTM Model
The three-dimensionaMRTM model, as the extensionof the one-dimensionaMRTM
model, considersall the adwection, dispersion,diffusion, and adsorptionprocessesn three
dimensions.Basedon the previous discussiorof transportandretentionin soils,the governing

equationof thethree-dimensiondIRTM modelcanbe expressedn thefollowing form:

oCc 0S8 0%C oC 0%C oC 0’C oC
—+4p—=0D;, — —qy— Dy, — —qy,— D,——q,——Q (251
RO Gy +r g =ODa gpa ~tog ¥O Dy g~ FOD: G —0: 5, —Q (231)
Here, S is the solute concentratiorassociatedvith the solid phaseof the soil, p is the soil
bulk density D, Dy, D, arethe hydrodynamicdispersioncoeficientsin differentdirections,
4z, @y, 9. arethe Dargy’s waterflux densitiesn differentdirections,@ is asinkterm,z,y, z are

thesoil dimensionsandt istime. R is aretardatiortermthataccountgor equilibrium-reversible

soluteretentionin the soil. It is explicitly introducedas:

pr d

R=1+ cht (2.52)

The MRM modelis connectedo the transportmodelthrough S, the sameasin the one-

dimensionaMRTM model:

85 85, 05, 98, 05

S=8+5+85+53 — D 8t+ﬁ+ﬁ+ﬁ’ (2.53)
and
Q- pag;” _ Ok,C. (2.54)

Steady-statevater flow conditions are usedand it is assumedthat the soil matrix is
homogeneouandisotropic. Therefore,all the coeficients, including ©, p, D;, Dy, D,, gz,
gy, andg;, areirrelative to thesolutionof C'andS. Thesinkterm( mightalsobegivenin some

nonlineamreactionforms,soasto adaptto differentkinds of retentve reactions.
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In orderto simplify discussionsthe advection-dispersio-adsaption Equation2.51 for the

three-dimensiondiIRTM modelis transformedo:

oc oC  oC oC o*c  8’Cc = 9*C

o T e T T b F t 2.55
ot + or +eay +'faz aaxQ + 8y2 +cazz + (xayaza )7 ( )
or
Ci+dCy + eCy + fC, = aCyy + bCyy + cC,, + F(z,y, 2,t), (2.56)
whered = fi ¢ = 5. f = fis.a = De,b= D5 o= D andF = - & — 4555,

The computationatiomainis normalizedinto a cubewith (z,y, z) € [0,1] x [0,1] x [0,1].
This governing equationis assumedo be well-posedwith the following proper initial and
boundaryconditions.

Thesoil is supposedo containa uniforminitial concentratiorCy in the solutionandthesoill

matrix is devoid of sorbedphasest time zero:

Clz,y,2,t) = Co, t=0, (z,,2) €[0,1] x[0,1] x [0,1]. (2.57)

and

Se(wayazat) = Sl(a:,y,z,t) = SQ(.’E,y,Z,t) = S3($’yazat) = Oa

t=0, (z,y,2) €0,1]x[0,1] x [0, 1]. (2.58)

The Dirichlet-typeboundaryconditionsassumehata solutionof known concentratiof{C;)
is appliedat the soil top surfacefor agivendurationt,. This solutepulse-typenputis assumed
to be followed by a solute-freesolutionapplicationat the soil top surface. Threedifferenttypes
of boundaryconditionsarederivedaccordingto thedistribution of the pulse-typanput: central-

point source(Equations2.59and2.60), line source(Equations2.61 and2.62),andmulti-point
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source(Equation2.63and2.64).

qzC,':—@Dz%—S+qzC, z=0, z=1/2, y=1/2, t<tp, (2.59)
Oz—@Dzaa—f+qzC, z2=0, t>t,. (2.60)
or
oC
qzCi:—G)Dz%-l—qzC, z2=0, z=1/2, t<t, (2.61)
Oz—@Dzaa—C-i-qzC, z2=0, t>t,. (2.62)
z
or
oC
q,C; = —0© DZE +q,C, z=0, (z,y)somewhere t<t, (2.63)
0:—®Dzaa—c-|—qzC, z2=0, t>t,. (2.64)
z

At thebottomof the soil profile,a Neumann-typdoundaryconditionis specifiedas:

oC

90, 2=1, t>0. (2.65)
0z

Ontheothersidesof thesoil profile, Neumann-typ&doundaryconditionsarealsoappliedas:

@ =0, z=0, t>0, (2.66)
ox
@ =0, z=1, t>0, (2.67)
ox
% =0, y=0, t>0, (2.68)
dy
oC _ 0, y=1, t>0. (2.69)

By
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2.3.2 Three-dimensionaADI Method

Due to the increasedcomputationalcompleity, the three-dimensionaMRTM model
requiresimprovementsin the finite difference methodto solve the governing adwection-
dispersion-adsongn equations. The adsorptie reactlonpart( ) in the three-dimensional
MRTM modelis still treatedexplicitly, with the samefinite-differenceforms asdescribedn
the one-dimensionamodel. Thus S canbe megedinto F(z,y, z,t) togetherwith the sink
term(), to calculatethe soluteconcentrationgn the soil solutionC' in the next time step.In the
sameway asthe one-dimensionaiodel,the adsorptie reactionequationsarecoupledwith the
adwection-dispersio equationswhich aresolvedwith completelydifferentnumericalschemes.

The three-dimensionatlomainis discretizedon a rectangulagrid (z;, y;, z), wherei =
0,1,2,..,.NI, j = 0,1,2,..., NJ, andk = 0,1,2,..., NK. The solute concentrationis

expresseds:

C(z,y,2,t) = C(iAz, jAy, kAz, nAt) = CF; 1,

i=0,1,..,NI, j=0,1,.,NJ, k=0,1,...,NK, n=0,1,2,.. (2.70)

whereAz = 7, Ay = 55, andAz = .

2.3.2.1 Crank-NicolsorMethod

The three-dimensionaMRTM governing equationcan be discretizedusing the Crank-

Nicolsonalgorithmas:

Cn+k1 Clix d e
3 l,,
R S((C)i g+ (Co)ie) + 5 (C)ik + (Co)i) + 5 ((Ca)iti + (C)i)

a b c
— S (Coa)f + (Coa)) + 5 (Con)fa + (o)) + S (Coa)ith + (Cu)iie)

Fn+1 —"_ Fﬂ]i

N~

1,5,k

. (2.71)
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or
crtl —on, ClMy + O ClMy +Cl mlon
a]:kAt Z)]JC +d61}( Za]ak 2 Z’]ak) +65y( Z:J:k 2 5.7’ ) f5 ( a]a 2 Z’]ak)
crl +or. cril 4+ on crtlycn.,  FMI4ER
— adi( Zv]ak Zi]ik) + b(s;( ] k Z:Jak) + 653( Zv]vk 5.75 ) + %7, k :.7: (2 72)
2 2 2 2
where

é‘ C'I‘L — Zn+1a‘75k B Cf_l:]ak
1.75 2Az ’

5,01 = L1k~ Cii—1k
7.75 2Ay ’

s.on, = Chikn— Ciign
1.75 - ZA ?

c? Z2C +C!

520n _ i+ljk v —L,5.k
7.75 A:L-Z ’

52071 _ Cz"r,lj—klk 2C]k+0] 1,k
3k T AyQ ’

52Cn _ Czrfj,kﬂ 207 i,j,k +C7 1,5,k — 1
u5,k T Az2

Groupingthe unknavn terms(at time stepn + 1) to the left andknown terms(at time step

n) to theright:

Atd Ata o,  Ate Atb o Atf Atc

2y m+1
(I+ 2(5x— 26z—|— 2631—7621 5_—5)6%19
Atd Ata , Ate Atb Atf Ate o\
= (I - 26$—|— 25$— 26y+75y—76z 5)6’]’
Frtl o pn
+ .5,k 5 VLW (2.73)

This discretizationfrom Crank-Nicolsonalgorithm is unconditionally stable with the
accuray of orderO(At?, Az?) [19, 26]. Insteadof thetri-diagonalJacobiarmatrixin the one-
dimensionaMRTM model,the systemof algebraicequationgyeneratedy this discretization,
i.e.

Ac™t! = Hce" + AQ (F7 1 4 1) (2.74)
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hasthefollowing coeficient matrixin a nestedlock form:

B C

C B C
A= ,
C
. C B_
where
E X
E D E X
B = , C= ,
E
L E - L X_
and
X X X
X X X X
D: s E:
X
I X X_ | X_

The three-dimensionallRTM modelupdateshe soluteconcentration€?; , in eachtime
stepby solvingthe systemof equationsvith the Jacobiarcoeficient matrix A above. Assuming
that N1 = NJ = NK = N to simplify the complity analysisthe dimensionsof matrix D
andE are N x N. Thedimensionsf matrix B andC are N? x N?2. Therefore the Jocobian
coeficientmatrix A takesamulti-diagonafform with dimensionsV? x N3. Thehalf bandwidth

of A is N2. Sincethe compleity to solve the systemof equationsusing direct methodsis
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proportionalto the productof the squareof the bandwidthwith the dimensionof the system
[28], this numericalschemehasthe total compleity of (N2)2 x N3 or O(N7). Thereforethe
traditional Crank-Nicolsonnumericalschemewith direct solution algorithmsis too expensve

andunacceptabléor thethree-dimensiondiIRTM model.

2.3.2.2 FractionalTime StepMethod

In order to reducethe computationalcompleity, this researchcomparestwo different
schemeso improve thethree-dimensionalumericaimethod.Onestraightforvardwayto reduce
the computationalcompleity is to usethe fractional time stepalgorithm, in which only the

spatialoperatorsn onedirectionaretreatedmplicitly ateachfractionaltime step:

nt3g n n+3 ”"'3 nt3 n+3 nt3
Cijk —Clik aci—l,jk 2C; ;5 + Cigilin dCH—l,j,k -Gk
n mn mn mn
Cricie =200+ 0l Clivie — Ol
+b 5 —e
Ay 2Ay
mn mn mn
L ikt = 200 & Gl fCi,j,k+1 — Ol
Az? 2Az
1 n+
3
+5 (@i + Qi) (2.75)
3 _ s ot 20”*3 c Crts _otts
5k~ ik — q i—1,5,k + -I—l J\k _d i+1,5,k ~ “Yi—-1,5,k
n—l—% n—|—3 n+3 n—|—% n—|—%
Ciyj_lsk B QCZaJ:k + C a]+1 k CZ;]‘I'lak B Ciyj_lak
o Ay2 2Ay
n+i n+i n+i
+CCZ,],]€ 20 + C .7 k+1 _ fcza.],k‘Fl B i)jakfl
Az2 2Az
1, ne2 pal
3 3
crtl o AR IS Yo p B oA N s e Al
'L.], i’jak —_ a iil:jyk +1]k d Z+17]ak iil:jyk

%At N Ax2 2Ax
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n+% n+3 n+3 n—{—% n+%
+b ij—1,k Ci,j,k + C Lj+Lk Ci,j+1,k - Ci,j—l,k
Ay? 2Ay
n+1 n—|—1 n+1 n+1 n+1
-I—CC i,5,k—1 201 ,J,k Cz Skl fC i,5,k+1 Ci,j,k—l
Az2 2Az
2
n+1 n+3
(Q vkt Qijk) (2.77)

For the three-dimensionaladwection-dispersio-adsorption governing equation, this
straightforvard approximatioralternatvely appliesimplicit finite differenceschemeo the first
and secondorder derivatives in different direction during eachfractional time step(%).
reducesa three-dimensiongbrobleminto a sequencef one-dimensionaproblemsthat only
require solving systemsof equationswith tri-diagonal coeficient matrices, thereby greatly
decreasinghe computationakcompleity. Although the boundaryconditionsat all fractional
time stepsare clearly definedat n + % n + % andn + 1, this methodis only conditionally
stableandfirst-orderaccuratein time [19, 30]. Therefore the straightforvard fractionaltime
stepmethodcannot provide efficient andaccuratenumericalsolutionfor the three-dimensional

MRMT model.

2.3.2.3 ApproximateFactorizationADI Method

Another schemeto improve the numerical solution to the three-dimensionahdwection-
dispersion-adsonan governingequations theapproximatdactorizatiormethod.Derivedfrom

the Crank-Nicolsoralgorithm,Equation2.73canbe approximatelyfactorizedas:

(r+ 585, - By a4 B, - S+ S - Sl
:(I_Ad(s +Ata62)( A Ate, +Atb52)(1_ Af5 +Atc(52)cd,
n+1
ntl 4 pn
PR T @79

2
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ThedifferencebetweerEquation2.78and2.73,or theadditionalerror of thefactorization,

At2de At2db s 52 At2ae 52 At2ab 5252 | Atlef At?bf 2
( T 0g0y — =7 éxéy—TézéerTém&y—kTéyéz— T 5y62

_At:ec(gy(gg + Athbc(gz(gg + AtT2df5$5z _ %55@ _ #%52 + %5252)

(Cie = Chi)
_|_(At38def 5$5y6z _ At38dbf (51-(55(52; o At?:gaef 535145,2 + At38abf 5%55&2

At3d 2 | At3db 2¢2 | At3 2¢ ¢2  Atdabc 5252 52
—atdecs, 5,02 + BLdbes, 5252  ALaccs2s 52— Ababes25252)

(CTie +Clin)

At2de At2db s 2 At2ae 52 At2ab 5252 | Atlef At?bf 2
( T 050, — =4 5$6y—T626y+T(5m6y+ 7040, — =5 6y5z

_At:ecdyég 4 Athbcéz(sg + At:df(swéz N Atzaf(sg(sz _ #55563 + %5253)

nil
((CO7 L7 + O(A) At

_|_2( At38def 5$5y(sz o At38dbf 5])5552 . At38aef 5353;62 + At38abf 525552

At3dec 2 | Atddbc 252 | At3aec 525 52 Atdabc 525252
—Téxéyéz + == ézéydz + Téwéydz — Téwéyéz)

(Cn+%

ik +O(AL)

(%656, — L5,02 — %525, + L5262 + ¢L6,8, — 2L 825,

—e5,02 + 5262 + 46,0, — 4825, — 905,02 + 926262)
1

(COi5E +O0(Ar) At

+2(%L5,6,0, — %L5,020, — 4L 626,68, + L2620,

—decb,0,62 4 90C0,0262 + €526, 02 — 4626262)

(Cn+%

ik T O(A?)AL?
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deAtS (thyz + O(A$2Ay2) + O(AtQ)) dbAt3 (thyz + O(A$2Ay2) + O(AtQ))

— aeAr® (Cm2 + O(AZ2AY?) + O(AL2)) + abftS (0;;;y + O(Az2Ay?) + O(A2))
+eer (Ctyx +O(Ay?A2?%) + O(At?)) — PAE <ctyyz +O(Ay?A2%) + O(Ar?))
s <ctyz; +O(Ay?Az2) + O(At2)) + beat (0tyy2 + O(Ay2A2%) + O(At2))
+df2t3 (Otzx +0(Az2A2%) + O(AR?)) — “W (CIh7 + O(AT2A22) + O(AR2)
— deAt? (cm; + O(Az2Az2) L O(AR)) + 9L (O3 | O(Ac?AZ2) + O(AR))

(A7)
C:cyyz + O(A$2Ay2AZ2) (At2))
)

n—|—2

(Ch
(

aefAt3 2 2 2
(C;U;Uyz + O(Az?Ay?Az%) + O(At
( cryyz + O(Az? Ay’ AZ?%) + O(At?))

— decAt? (c;”ytg + O(AZ?AY?AZ?) + O(AP?)

w

)
c;‘;éz + O(AZ2AY2AZ2) + O(AR))
)

+ dbcAt

(
‘l‘GECAtS (szyzz + O(AI2Ay2AZ2) + O(At2 )
(

- abcAtS szyyzz + O(A$2Ay2AZ2) + O(Atz))

= o),

provided Cizy, Cizyys Cizeyr Chazyyr Cryzr Cryyzr Cryzzs Ciyyzzr Ciazy Cizezr Crazzr Chazzz,
Coryzr Cayyzr Cazyzs Crayyzr Cryzzr Cayyzzr Crzyzz, aNAC54y,.. arebounded.This additional
error is of the sameorder as the truncationerror in the original Crank-Nicolsonalgorithm
(Equation2.73). Thereforethefollowing three-ste@pproximatdactorizationADI methodstill

maintainssecond-ordeaccurag in bothtime andspace.

Atd Ata .
(T + =0 — =~ 02)Cl
— (- A215d53C Ata52)( B Ate(s Atbéz)(j_ A2tf6 AtC(SQ)C,J,k
n+1
ntl 4 pm
_|_ Z’J;k Zajzk At’ (279)

2
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Ate Atb

(I + =0y = =-0)Ci = Cij (2.80)
A A
(I+ tf =4, - 252)0;1;,3 Cig - (2.81)

The solutionsto thesethreesetsof equationsin 2.79 2.80 and 2.81 can be computedby
solving systemf algebraicequationswith tri-diagonalcoeficient matrices sincetheleft hand
sidesof the equationsinvolve only three-pointcentraldifferenceoperatorss?, d,, 65, 8y, 62,
andd,. Althoughtheright handsideof Equation2.79involvesthe productof theseoperators,
it doesnot complicatethe solutionprocesssinceit is appliedto the known solutionvaluesfrom
the previoustime step.

Assumingthat N7 = NJ = NK = N to simplify the complity analysisthe dimension
of thetri-diagonalJocobiancoeficient matrix is N2. Sincethe compleity to solve the system
of algebraicequationds proportionalto the productof the squareof the bandwidthwith the
dimensionof the system[27, 28, 3]], the three-dimensionahpproximatefactorizationADI
schemehas the total compleity of O(N3). Comparedto the traditional Crank-Nicolson
numericalschemdO(N7)), thisapproximatdactorizatiorschemerovidesmuchmoreefficient
solutionto thethree-dimensionajornvection-dispesion-adsorption governingequation.

In generalthethree-ste@mpproximateactorizationonly incursthe sameorderof additional
errorasthetruncationerror causedy the Crank-Nicolsormethod,andreverselycalculateshe
boundaryconditionsfor theintermediatdime steps(n** andn*) without furtheraccurag loss
(discussedn Section2.3.3). This three-stepADI methodgreatly decreasethe computational
complity by applying implicit finite differencemethodalternatvely in differentdirections,
andsolving the systemof equationswith tri-diagonalJacobiancoeficient matrix threetimes.
The approximatdactorizationmethodalsomaintainsunconditionalstability with secondorder
accurag in bothtime andspacd19, 29, 32, 31].

Furthermore the computationsto solve the algebraicequationsystemsare independent,
thus, providing enoughparallelismfor parallelcomputing[32, 33, 34, 35]. The straightforvard

parallel version of the three-stepADI algorithm just assignsdifferent equationsystemsto
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parallelprocessorssothatdifferentprocessorsvork on all theindependentri-diagonalsystems
simultaneoushandefficiently (discussedn ChaptenV). Thereforethethree-ste@pproximate
factorizationADI method,with unconditionalstability andsecond-ordeaccurag in bothtime

andspaceprovidesanefficient methodfor solvingthethree-dimensiondiIRTM model.

2.3.3 BoundaryConditionsfor the ADI Method

Although the ADI methodhasbeenwidely usedfor solving partial differential equations
(PDE) [29, 36, 37, 38|, the accurag improvementin both time and spacefor differenttypes
of boundaryconditionsis still animportantresearchopic. Two typesof boundaryconditions
are usedin mostmodelingand simulationproblemsusing corvection diffusion equations:1)
the Dirichlet boundaryconditionthat specifiesunction valuesof the solutionto be calculated,
and 2) the Neumannboundarycondition that specifiesthe derivatives of the solutionto be
calculated For example whenstudyingthetransportandretentionof contaminantn soilswith
groundvaterflow, the Dirichlet boundaryconditionsareusedfor the boundarywherea solution
of known concentratioris applied(for examplecorrespondingo a leak in a tank holding the
solution), while the Neumannboundaryconditionsare usedfor the boundarywherethe flow
rateis known (for examplecorrespondindo a no-flow or impermeabldoundary).Sometimes
the boundaryconditionsmay alsobe given in termsof a combinationof both function values
anddervativesatthe samespatialpoint.

For the fractionaltime stepalgorithm given by Equations2.75to 2.77, sincethe solution
valuescalculatecht all threefractionaltime stepsareclearlydefinedatn + 3, n + 2, andn + 1,
it is straightforvardto dealwith boundaryconditionsof eithertype aslong asthey aregivenfor
all fractionaltime steps. However, this methodonly provides second-ordeaccurag in space
andfirst-orderaccurag in time with conditionalstability.

FortheADI algorithmbasednapproximatdactorizatiorgivenby Equation2.79to0 2.81,it
is morecomplicatedto dealwith boundaryconditions.SincethesolutionsC;; , andC;' ., to be
calculatedn (2.79)and(2.80),respectiely, areintermediatesariableswithout clearconnection

to the physicaltime level, the given boundaryconditionscannot be usedin a straightforvard
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way. Oneway is to applythe known boundaryconditionsat thetime levelsn + % andn + % to
Crik in Equation2. 79andC”"*,C in Equation2.80,respectiely. However, thiswill degradethe
accurag of the algorithmto only first orderaccuratdan time, asdemonstratedaterin Section
2.3.4.

In orderto achiere higher order accurayg, the approximatefactorizationthree-stepADI
methodrequiresreversecalculationgor the boundaryconditionsat the intermediatdime steps
(n* andn™*). This researctappliestwo differentschemego achiee second-ordeaccurag in

bothtime andspacewith Dirichlet andNeumanrboundaryconditions.

2.3.3.1 Dirichlet BoundaryCondition

Thenumericalschemdor approximatdactorizationADI methodto maintainsecondorder
accurag in bothtime andstepwith Dirichlet boundaryconditionsis straightforvard [19, 29].
The computationsare carried out on a rectangulargrid (z;,y;,zx), where: = 0,1,..., N1,

j=0,1,..NJ,andk =0,1,... NK.
C(z,y,2,t) = C(iAz, jAy, kAz, nAt) = Cl; (2.82)

whereAzx = NI,Ay— NJ,andAz— NK,andn_O,1,2

While solvingthefirst stepEquation2.79,boundaryconditionsfor Cj ; . andCRx ;. (7 =
2,..,.NJ —1landk = 1,2,..., NK — 1) arecalculatedreverselyby combiningthe second

andthird stepEquation®2.80and2.81when: = 0 andi = NI respecirely:

At Atb At At
Coge = (I+=0y— —=8)(I + f 50— =8O (2.83)
. Ate Atb Atf Atc n
Chrgpe = I+ —-0y ——52)( ——0, ——52)CN§1],€ (2.84)

Extendingtheleft handsideof Equation2.79:

Atd Ata "
(I + ==, = == 02)Cl
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Atd , Ata

= C*Jy 4A$( Z+1;J,k - C;—lyj;k) - ZA 2( l"’l;]: 20 k + 07' 17]1 )
Atd Ata | _, Ata. . Atd Ata | .
= (~3as ~ 3ag2) Cmtak T (4 55)00k+ (Gay ~ ppg0)Chrie
—(7';5 + Sw)C;—l,j,k + (]- + 27‘58)01*,],16 - (Tw - SSU) ;(-f-l,j,k ’ (285)

Atd _ Ata
Tagr @ndsg = 5375

wherer, = Therefore the equationsystemdor the first time stephave

thefollowing form:

A
LC* =RC" +B* + {(F" + FH (2.86)
where
142r, —(ry — sz)
—(re+s8z) 142r, —(ry— sz)
L=
—(rg+38z) 142r;, —(ry—sz)
—(rg +38z) 1421,
Chjk (ro + 52)C5 Fijk
Cajk 0 Fjk
C= , Bf= , F= ,
0
| ONI-1,45k | | (rs —32)Crjk | | FNI-15k |
andR comesfrom the extensionof theright handsideof Equation2.79:
Atd At At Atb At At
(I = =ba+ “52)( - 65 o) - fa + 052)0’;,

While solving the secondstep Equation2.80, boundaryconditionsfor C7G , and C}y ;

¢=12,..,NI —1andk = 1,2,..., NK — 1) arecalculatedreverselyfrom the third step



Equation2.81whenj = 0 andj = N J respecirely:

At At
Chop = (I+—f5 - ‘352)0;1;;
- Atf Atc
iIWNJE — I+ —~9. ——52)0?;\?%

Theequationsystemdor the secondime stephave the following form:

where

L+ 2ry —(ry — sy)

—(ry+sy)  142ry  —(ry—sy)

—(ry +sy) 142ry —(ry

| Ciik ] _ (ry +59)C75 & |
Ciak 0
c= , B = ,
0
| Cing—1k | | (ry —sy)Ci Nk |

_ Ate __ _Atb
and'ry = m, andSy = W

— 5y)

—(ry+sy)  1+42n

35

(2.87)

(2.88)

(2.89)

While solving the third step Equation2.81, boundaryconditionsfor Cj*fj and C7'f\

(:=1,2,...,NI —1andk = 1,2,..., NK — 1) aregivendirectly without the needof reverse
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calculations.The equationsystemdor thethird time stephave the following form:

LC"! = Cc* + B!, (2.90)
where
142r, —(r,—s,)
—(r, + s2) 1+2r, —(r, — s,)
L=

—(ry+s,) 142r, —(r,—s;)

—(r,+s;) 1+42r,

Ci,j,l (rz + SZ)CZ;,—(}
Cijo2 0
C= , Bn+1 = 3
0
| CijNE-1 | | (r: —5)C vk |

_ Atf _ At
T, = Az andsz = 3AL2"

2.3.3.2 NeumanrBoundaryCondition

Sincetheabove approactdoesnotapplyto theNeumanrboundaryconditions anev method
is developedto utilize the given derivative boundaryconditionsto solve Equations2.79 to
2.81. For Neumannboundaryconditions,the computationsare carried out on a rectangular

grid (z;,y;, 2x), wherei = 0,1,..., NI +2,j=0,1,..,NJ + 2,andk = 0,1, ..., NK + 2.

C(z,y,2,t) = C(iAz, jAy, kAz, nAt) = Cl; 1, (2.91)
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whereAz = NI, Ay = NJ, andAz = NK, andn = 0,1,2,.... Here,first-orderdervatives

are given on the surfacesof the computationadomain(wheres = 1,¢ = NI +1,j = 1,
j=NJ+1,k=1,andk = NK +1). In orderto construcisecondrderapproximatiorfor the
Neumanrboundaryconditions,an additionallayer of “ghost points” is createdon eachside of
the boundary Therefore the computationalomainnow includesall points(z;, y;, 2 ), where
i=0,1,.,NI+2,5=0,1,....,NJ +2,andk =0,1,..., NK + 2.

While solving the first step Equation2.79, boundaryconditionsfor C(’;,jyk and C]’Q,sz,k
(G =1,2,..,NJ+1andk = 1,2,..., NK + 1) are calculatedreverselyby combiningthe
secondandthird stepEquations2.80 and 2.81 and applyinga secondorder centraldifference

operators,, to bothsideswhere; = 1 andi = NT + 1 respectiely:

3201 jp = 0z (1 + %% - Atb<52)( A fé - %52)0?,3 (2.92)
. Ate . Atb Atf . Ate
0pChiri g = Oa(l + ==8y = —=0) (T + =70. = —=0)CRf1 0 (2.99)

Dueto thecommutatvity of theright handsideoperatorsy,, 6,, 6,, andtherelationé,C ~

C; (C, is knonn asboundaryconditions) thesetwo equationsareexpresseds:

Caik — Co,jk A Atb Atf Atc +1
bk By, By S5 - By
CNit246 — ONrjg Ate Atb A Atf Atc
or
. N Ate Atb At f Atc
Cige = Ca g — 2801 + =0y — —=0y) (I + =02 — ——02)(C)7 ] (2.94)
CN142,k = ON1jg +
At Atb At At
20a(I + =0, = ==8) (I + f 0. = =0 (Co) N 1 (2.95)
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Thereforetheleft handsideof Equation2.79areextendedas:

Atd Ata

(I + — 0 = Taﬁ)o;j,k
= —(re +52)C 1 jp + (1 +2r2)CF 5 — (re — 52)Ciin ik s (2.96)

wheni = 2,3,...,NI, r, = £{% ands, = QAA%, with

_('ra; + sm)Cg,j,k + (1 + 2T$)Ci‘],k - ('rm - Sa;)Cék,j’k
= —(’r‘z —+ 3_1.) (C;,j,k — 2A:L‘Bi],k) =+ (1 + 2T$)Cf,j,k — (’I"m — Si)c;,j,k‘

= 2A.’E(Tz + Sw)BT,j,k + (]. + 2r1’)0ik,j,k — 2T$C;,j,k’ (297)
and

—(re +52)Chrjr + (L +2r0)Chrin g — (re — 52)CONryo ik
= —(re +82)CNpjp + (L +2r0)CN i ik — (e — 82)(Chpjp + 2A2BN 41 k)

= =2roCnrji + (L4 2r0)ORry jp — 28%(re — 52) BNrya ks (2.98)

whereB] ;= (I + Sles, — %55)(1 + A_zti‘sz - %@)(Cx)?ﬁc’
A
andBiy = (T 528y = S + Sh6. — S0 (Co) N e -

Theequatiornsystemdor thefirst time stephave thefollowing form:

At
LC* = RC" + B* + T(F" + FH) (2.99)
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where
[ 14 2r, —2r, ]
—(rg +sz) 1+2r; —(rg — 82)
L= )
—(rg+s5) 14+2ry —(rz — 8g)

i =21 1+ 2r,

[ Chjk ] [ —2Az(r, + Sﬂﬂ)Bij,k ] [ Fijg ]

Ca,jk 0 Fs 5k
C= , B = , F= :
0
| Onrt1,jk | | 2Az(ry — $2)Byri1jk | | Fnit1,5k |

andR comesfrom the extensionof theright handsideof Equation2.79:

Atd Ata Ate Atb t Atc
(1 - 20, + By - 2%, + B - s+ Bler,

Whensolving the secondstepEquation2.80,boundaryconditionsfor C7g , andCly ;1 &
(z=1,2,..,NI +1andk = 1,2,..., NK + 1) arecalculatedreverselyfrom the third step
equationby applyinga secondorder centraldifferenceoperators, to both sideswhere; = 1

andj = NJ + 1 respeciiely:

At At
8y Cite = 0y(I + f — 0. - —662)()7{; (2.100)
*% At f Atc
dyCiN+1k = 5y(I + =6 - 62)0”}‘} Lk (2.101)
SO
Atf Atc

T = Ciage = 28y(I + =20, — == 0)(Cy)i (2.102)



40

*ok ok At f Atc
Cingtop = Cingp +28y(I + —=0, — —52)(Cy)2}5+1’k (2.103)

Theequatiornsystemdor the secondime stephave the following form:

LC*™ =C*+B*, (2.104)
where i )
1+ 27y —2ry
—(ry +sy) 142ry —(ry —sy)
L= ' )
—(ry+sy) 142ry —(ry —sy)
I —2ry 1+ 27y
Cink _2Ay(ry + Sy) (I + %52 - Atc(SQ)(C )?Illg
Ciak 0
C= ) B** - ’
0
| Cingtik | | 2Ay(ry — sy)(I + &ls, - AtC‘SQ)(Cy)Z#JH,k |
ry = fAg. andsy = 535

When solving the third stepEquation2.81, boundaryconditionsfor ij& and Cfﬁmw

(:=1,2,...,NI +1andk = 1,2,..., NK + 1) aregivendirectly without the needof reverse

calculations.The equationsystemdor thethird time stephave the following form:

LC™t! = c* 4+ B"t!, (2.105)
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where
14 2r, —2r,

—(ry+s;) 14+2r, —(r,—s;)

L= ’
—(r,+s,) 142r, —(r,—s,)
i —2r, 1+ 2r,
Ci,j,l —2AZ(’I"Z + Sz)(Cz)Zzll
Cije 0
C= : B! =
0
G | | 282(r. = 5:)(C) ks |

_ Atf _ At
r, = IAz’ andsz = 5AL2"

2.3.3.3 GhostPoints

Sincethe reversecalculationsto approximateNeumannboundaryconditionsapply some
additionaloperatorsn the first-orderderivatives, additionalboundaryconditionsat the “ghost
points” areneededasshawn in Figure2.2.

Whensolvingthefirst stepEquation2.79,the combinationof operators), andJ, is applied
to (Cy)1,5% and(Cyz)N141,5k Wherel < j < NJ+1andl < k < NK + 1 (Equations
2.94and2.95). The Neumanrboundaryconditionsjust provide first-orderderiativesat points
(zi,yj,2zK), wherel <4 < NI +1,1<j < NJ+1,andl < k < NK + 1. Therefore,

additionalfirst-orderderivativesareneededalongthefollowing eightlines:

(z1,90,20) — (z1,Yns+2,20)
(TNI+1,%0,20) — (TNI+1,YNJI+2520)

(961, Yo, ZNK+2) — (301, YNJT+2; ZNK+2)
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Figure2.2: Ghostpointsfor Neumanrboundaryconditions

(TNI1+1,Y0, ZNK +2)
(z1,Y0, 20)
(T1,yNJI+2; 20)
(ZN141,Y0, 20)

(TNT+1,YNJI+25 20)

(TNT+1,YNT+2, ZNE+2)
(71,90, 2NK 12)
(T1,YNJ+2, ZNK+2)
(TNI1+15Y0, 2N K +2)

(ENI+1,YNJT+2, ZNK+2) (2.106)

Similarly, whensolvingthe secondstepEquation2.80,theoperators, is appliedto (Cy); 1.«

and(Cy)i nj+1,k Wherel <i < NI +1andl <k < NK + 1 (Equations2.102and2.103).

Therefore additionalfirst-orderderivativesareneededalongthefollowing four lines:

(351, Y1, Zo)
(1, YNJ+1,20)
($1, Y1, ZNK+2)

(z1, yNJ+1, ZNK+2)

_)

—

_)

—

(N1+1,Y1, 20)
(TNT+1,YNJI+1,20)
(ZNT+1,Y1, ZNK+2)

(ENI+1, YNJT+1, ZNK+2) (2.107)
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The additional boundaryconditionsat the “ghost points” are also neededto updatethe
boundarysolution valuesafter eachiteration describedas the following three steps. First,
Ci,jo andC; j Nk 42 areupdatedwherel < ¢ < NI + 1, and1l < j < NJ + 1 without
the help of additionalboundaryconditions. Second,C; o, and C; n 12 areupdatedwhere
1 <4< NI+1,and0 < k£ < NK+2 with thehelpof additionalfirst-orderderivativesalongthe
four linesin Equation2.107.Finally, Cy ; . andCnr42,5,, areupdatedvhered < j < NJ + 2,
and0 < k£ < NK + 2 with thehelpof additionalfirst-orderdervativesalongthe eightlinesin
Equation2.106. Theseupdatedooundarysolutionvalueson the “ghost points” arerequiredby
theright handsideof Equation2.79,becausef thesimilar effectsfrom operators;, 6,,, andd,.
The additionalfirst-orderderivatives at the “ghost points” canbe calculatedby the second
orderextrapolationsdrom the known derivativesat the neighborpoints. In the one-dimensional
casethesolutionvalueatarny pointcanexpressedisthe combinationof solutionvaluesatthree
neighboroints:
f(0) = af(h) + bf(2h) + cf(3h) + O(h?) (2.108)

Using Taylor Series,
£ib) = £ + £ O + L2821 0(r2)

f(2h) = £(0) + £'(0)2h + @4}[“ + O(h?)

f(3h) = £(0) + £'(0)3h + @%2 + O(h?)
We have following relations:

a+b+c=1
a+2b+3c=0

a+4b+9¢=0
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or
a=3
b= -3
c=1
Therefore
f(0) =3f(h) —3f(2h) + f(3h) + O(h?) (2.109)

Equation2.109also appliesto the three-dimensionatiomain, so asto calculatethe first-
orderderiativesat the “ghostpoints”. For example,the additionalfirst-orderderivativesalong
the four lines (Equation2.107)for the secondstep Equation2.80 are solved using the given

Neumanrboundaryconditions:

(Cy)i0 =3(Cylii — 3(Cylitz + (Cylias
(Cyli,ng+1,0 = 3(Cylins+11 — 3(CyliNst1,2 + (CyliNst1,3
(Cyliank+2 = 3(Cyig,nk+1 — 3(Cy)ii, Nk + (Cylii,NK -1

(CyliNi+1,nvk+2 = 3(Cy)iNi+1,NKk+1 — 3(Cy)i,Ni+1,Nk + (Cy)i,NJ+1,NK -1,

wherel <4 < NI +1.

Similarly, thefirst-orderderivativesalongthe eightlines (Equation2.106)for the first step
Equation2.79arecalculatedisingthegivenNeumanrboundaryconditions.Thetotaltruncation
errorcausedy Taylor Seriess O(Az?, Ay?, Az?), thusthecompleteapproximateactorization

ADI methodmaintainssecondorderaccurag in bothtime andspace.

2.3.4 NumericalExperiments
Numerical experimentsare presentedo demonstratehe accurag and stability of three

numericalmethodsthe fractionaltime stepmethod the approximatdactorizationADI method
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without reverseboundarycalculations,and the approximatefactorizationADI methodwith
reverseboundarycalculations Thefollowing three-dimensionatorvection-dispelisn equation

is usedin thenumericalexperiments:
Ci+Cp+ Cy+ C, = Coz + Cyy + Cpp + F(z,y, 2,1) (2.110)

0<t<l, (z,y9,2)€][0,1] x[0,1] x[0,1], (2.1112)

2.3.4.1 Casel

To accommodatéhe exactsolution

C(z,y, 2,t) = e 5 sin g sin % sin g (2.112)

Initial conditionis known as:

C(z,y,2,0) = sin%sin%sin%,

with the sourceterm:
1
F(z,y,2,t) = ge_%(cos g sin % sing + sin g cos % sin% + sin % sin % cos g) .

Example 1: Dirichlet boundaryconditions

C(O’y7'z’t) = 0’

1
C(l,y,zt) = e~s singsin%sing,
C(z,0,z,t) = 0,
1
C(z,1,2z,t) = e 3 singsingsing,

C(x7 y7 07 t) = 0’

1
Clz,y,1,t) = 6_%Sin§singsin§
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Table2.1: Maximum error betweenthe calculatedsolution andthe exact solutionat7 = 1.0
with Dirichlet boundaryconditions.e; is themaximumerrorfrom thefractionaltime
stepmethod(1storder);es is the maximumerrorfrom the approximatdactorization
ADI methodwithout reverseboundarycondition calculations;ez is the maximum
error from the approximatefactorization ADI method (2nd order) with reverse
boundarycondition calculationswhere At = Az = Ay = Az = h. e4 is the
maximumerrorfrom the fractionaltime stepmethod(1storder)with At = h2.

h 0.5 0.25 0.125 0.0625 0.03125 | 0.015625
e; | 3.3115e-06 1.7632e-05 8.8417e-01] 3.8925e+13 00 00

ez | 4.6012e-04) 8.7192e-04| 8.8201e-04| 7.3443e-04| 6.1301e-04] 5.4187e-04
es | 1.6865e-05 8.5828e-06| 2.8530e-06| 7.7917e-07| 2.0128e-07| 5.0645e-08
es | 9.6212e-08 6.0264e-07| 6.7389e-08/ 5.7439e-09| 7.3950e-10

The datain Table4.1 shavs the maximumerror betweenthe numericalsolutionsobtained
usingdifferentmethodsandthe exact solutionat ¢ = 1.0 with Dirichlet boundaryconditions.
The computationgrid is At = Az = Ay = Az = h. Threemethodsare considered:the
notatione; representshe error|| - ||, betweerthe exact solutionandthe numericalsolution
calculatedusing the fractional time step method(Equations2.75to 2.77); es representshe
error betweenthe exact solution and the numericalsolution calculatedusing the approximate
factorizationADI method(Equations2.79to 2.81)definingthe Dirichlet boundaryconditionsat
thetime levelsn + 3 andn + %; andes representshe errorbetweerthe exactsolutionandthe
numericalsolutioncalculatedusingthe approximateactorizationADI method(Equations2.79
to 2.81)andthereversecalculationg Equations2.83,2.84,2.87,and 2.88) to handleDirichlet
boundaryconditions. e4 representshe error betweenthe exact solution and the numerical
solutioncalculatedusingthe fractionaltime stepmethodwith the computationgrid At = h2.
It is clearfrom thetablethate; shaws thatthefractionaltime stepmethodis only conditionally
stable,eo, demonstratesio accurag improvementwhen the grid is refined, e3 demonstrates
seconcrderaccurag in bothtime andspaceandes shavs thatthefractionaltime stepmethod
is first orderaccuraten time andsecondrderin space Sincetherelation At = A2 to maintain
the stability for the fractionaltime stepmethodincreasessomputationatime greatly the test

caseey for h = 0.015625 is omitted.
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Example 2: Neumanrboundaryconditions

(Cx)(0,y,2,t) = %e_% sin % sin g ,
(Cx)(1,y,2,t) = %67% cosésin%sing,
(Cy)(z,0,2,t) = %e_é singsing,
(Cy)(z,1,2,t) = %e_% singcos%sing,
(C)(z,y,0,t) = %e*% singsin%,
(C))(z,y,1,t) = %e_% singsin%cos%

Table2.2: Maximum error betweenthe calculatedsolution andthe exact solutionat T = 1.0
with Neumanrboundaryconditions.e; is themaximumerrorfrom thefractionaltime
stepmethod(1storder);es is the maximumerrorfrom the approximatdactorization
ADI method(1st order)without reverseboundarycondition calculations;es is the
maximum error from the approximatefactorizationADI method(2nd order) with
reverseboundaryconditioncalculationswhereAt = Az = Ay = Az = h. e4 IS
themaximumerrorfrom thefractionaltime stepmethod(1storder)whereAt = h2.

h 0.5 0.25 0.125 0.0625 0.03125 0.015625
e; | 2.6981e-04| 2.6970e-04| 6.8894e+00 5.2292e+14 8.7986e+48 00

ez | 6.5340e-03| 3.2795e-03| 1.6240e-03| 8.0441e-04| 3.9933e-04| 1.9869e-04
e3 | 2.3049e-03| 3.7786e-04 8.4547e-05| 2.1123e-05| 5.2850e-06| 1.3221e-06
es | 1.2207e-04] 2.5438e-05| 6.0374e-06| 1.4892e-06| 3.7104e-07

The datain Table2.2 shavs the maximumerror betweerthe numericalsolutionsobtained
usingdifferentmethodsandthe exact solutionat ¢ = 1.0 with Neumannboundaryconditions.
The computationgrid is At = Azx = Ay = Az = h. Threemethodsare considered:the
notatione; representsheerror || - ||, betweenthe exact solutionandthe numericalsolution
calculatedusing the fractional time step method (Equations2.75to 2.77); e5 representghe
error betweenthe exact solution and the numericalsolution calculatedusing the approximate
factorizationADI method(Equations2.79to 2.81)definingthe Neumannboundaryconditions

atthetimelevelsn + % andn + %; andeg representtheerrorbetweertheexactsolutionandthe
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numericalsolutioncalculatedusingthe approximateactorizationADI method(Equations2.79
to 2.81)andthereversecalculationgEquation2.94,2.95,2.102,and2.103)to handleNeumann
boundaryconditions. e, representghe error betweenthe exact solution and the numerical
solution calculatedusingthe fractionaltime stepmethodwith the computationgrid At = h2.
It is clearfrom thetablethate; shaws thatthefractionaltime stepmethodis only conditionally
stable,es demonstrate§irst orderaccurag whenthe grid is refined,e; demonstratesecond
orderaccurag in bothtime andspaceande, shavs thatthefractionaltime stepmethodis first
orderaccuraten time andsecondorderin space.Sincethe relation At = h? to maintainthe
stability for the fractionaltime stepmethodincreasesomputationatime greatly thetestcase

eq for h = 0.015625 is omitted.

2.3.4.2 Case?

In comparisonanotherexactsolutionis provided:
C(z,y,zt) = et (xb +¢° + 25) (2.113)
Initial conditionis known as:
C(z,y,2,0) =28 + 48 + 25,
with the sourceterm:
F(z,y,2,t) = e t(62° 4+ 6y° 4+ 62° — 2% — ¢ — 26 — 302 — 30y? — 302*).
Example 3: Dirichlet boundaryconditions

C(z,0,2,t) = e '(z®+29),



C(z,1,2,1)
C(x7 y’ 07 t)

C("E’ y7 ]" t)

e_t(a:6 +14+ zG) ,
e (a% +4°),

eft(l_(i 4+ y6 4+ 1)
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Table2.3: Maximum error betweenthe calculatedsolution andthe exact solutionat 7" = 1.0
with Dirichlet boundaryconditions.e; is themaximumerrorfrom thefractionaltime
stepmethod(1storder);es is the maximumerrorfrom the approximatdactorization
ADI methodwithout reverseboundarycondition calculations;es is the maximum
error from the approximatefactorization ADI method (2nd order) with reverse
boundarycondition calculationswhere At = Az = Ay = Az = h. e4 is the
maximumerrorfrom thefractionaltime stepmethod(1storder)whereAt = h2.

h 0.5 0.25 0.125 0.0625 0.03125 | 0.015625
e; | 3.7756e-02| 1.0754e-01] 3.2553e+03 1.6143e+17 00 00

ez | 1.3189e-01| 1.4060e-01] 1.1896e-01| 9.7283e-02| 7.6985e-02| 6.2900e-02
e3 | 3.0171e-02| 1.3570e-02| 4.8177e-03| 1.2998e-03| 3.3199e-04| 8.3617e-05
es | 5.7090e-02| 1.7492e-02| 5.3140e-03| 1.3724e-03| 3.4728e-04

Table2.3shavsthemaximumerrorbetweerthenumericakolutionsobtainedusingdifferent

methodsand the exact solutionat ¢ = 1.0 with Dirichlet boundaryconditions. Although

the experimentswith polynomialfunctionshave larger errorsthanthosewith trigonometrical

functions,they reflectthe sametrend of accurag and stability. It is clearfrom the table that

e1 shaws that the fractional time step methodis only conditionally stable,es demonstrates

no significantaccurag improvementwhenthe grid is refined, e3 demonstratesecondorder

accurayg in bothtime andspaceandes shavs thatthefractionaltime stepmethodis first order

accuratdn time andsecondorderin space.

Example 4: Neumanrboundaryconditions

(C2)(0,9,2,1)
(Cz)(1,y,2,1)

(Cy)(z,0,2,t)
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(Cy)(z,1,2,t) = 6e ",
(CZ)(xayaoat) = 07
(C)(z,y,1,t) = 6e "

Table2.4: Maximum error betweenthe calculatedsolution andthe exact solutionat 7" = 1.0
with Neumanrboundaryconditions.e; is themaximumerrorfrom thefractionaltime
stepmethod(1storder);es is the maximumerrorfrom the approximatdactorization
ADI methodwithout reverseboundarycondition calculations;es is the maximum
error from the approximatefactorization ADI method (2nd order) with reverse
boundarycondition calculationswhere At = Az = Ay = Az = h. e4 is the
maximumerrorfrom thefractionaltime stepmethod(1storder)whereAt = h2.

h 0.5 0.25 0.125 0.0625 0.03125 | 0.015625
e1 | 4.7534e+00 4.9861e+00 1.2231e+05 1.3721e+17 00 o0

ez | 4.2207e+00 9.2392e-01| 1.4718e-01| 2.0545e-02| 2.7906e-02| 1.8562e-02
ez | 7.2060e+00 1.4783e+00 3.4704e-01| 8.4809e-02| 2.1011e-02| 5.2321e-03
es | 5.1894e+00 1.3038e+00 3.2638e-01| 8.1626e-02| 2.0408e-02

Table2.4shavsthemaximumerrorbetweerthenumericakolutionsobtainedusingdifferent
methodsand the exact solutionat ¢ = 1.0 with Neumannboundaryconditions. Although
the experimentswith polynomialfunctionshave larger errorsthanthosewith trigonometrical
functions,they reflectthe similar trendof accurag andstability. It is clearfrom the tablethat
e1 shaws thatthe fractionaltime stepmethodis only conditionally stable,e, demonstrateso
consistenfirst orderaccurag whenthe grid is refined,es demonstratesecondorderaccurag
in bothtime andspaceande, shawvs thatthe fractionaltime stepmethodis first orderaccurate
in time andsecondorderin space.

In conclusionwith all the numerical experiments, the fractional time step method is
conditionally stable with first order accurag in time and secondorder accurag in space;
the approximatefactorizationADI method without reverse boundarycondition calculations

is unconditionally stablewithout a consistentor predictableaccurag; and the approximate
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factorizationADI methodwith the reverseboundarycondition calculationsis unconditionally

stablewith secondbrderaccurag in bothtime andspace.



CHAPTERIII
WEB-BASED SYSTEMINTEGRATION

With the developmentof Internet, on-line accesgo scientific computingbecomesa new
trend. The web-basedsystem integration of computationalsimulations can provide not
only userfriendly graphicaluser interface (GUI), but also the flexibility to accessremote
computingresourcesmanaggob information,andevendistribute the software. In thisresearch,
differentweb technologiesare appliedto the one-dimensionaand three-dimensionaMRTM
simulationsystemsespectiely. This chaptercoversthesewebtechnologiesespeciallythe Java
technologiesusedin the simulationsystemintegrationin detail. The major goalsandsystem

requirement®f thesetwo differentsimulationsarealsocompared.

3.1 General Comparison

Theone-dimensiondIRTM simulationsystenutilizesthe client-sidecomputingresources,
becaus¢he computationaloadsin the one-dimensiongbroblemare manageabl®y the client-
sidecomputers.The major goalis to reuse(insteadof rewrite) the legag/ codewrittenin C or
FORTRAN, andto relieve usersfrom tediouscommand-lineoperationswith Java Swing GUI
component$39]. Thelegagy computationaimodulesare wrappedwithin the Java codeusing
the Java Native Interface (JNI) technologyandexecutedin the Java Virtual Machine(JVM) of
thewebbrowser[40, 41].

Figure 3.1 shaws the simple client-serer computingarchitecturein the one-dimensional
web-basedsimulationsystem. The legagy FORTRAN and C codeis packagednto dynamic
librarieswith the JNI code,anduploadedo awebsenerwhich supportdasicHTTP protocols.
Java Swing componentsuild powerful graphicaluserinterfaces,which allow usersto access
theweb sener (or website)throughweb browsers. The usertransparengc hidesfrom usersthe

mechanisnthat the JNI libraries are downloaded(throughHTTP) to the client side and run

52
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Figure3.1: Systemarchitecturdor the one-dimensionallRTM simulation.

insidethe JVM of web browsers. However, the INI dynamiclibrariesareinevitably platform-
dependentwhich meansdevelopersshouldcompile and build differentlibrariesfor different
platforms(i.e. Windows or Unix). Theclient-sidecomputationakimulationsystemalsorequire
usersto configuretheir systemsecurity soasto grantthe dovnloadedJNI codepermissiongo
executecomputation®ntheirlocal computerg18, 42].

The computationsin the three-dimensionaMRTM simulation systemare much more
time-consuminghanthosein the one-dimensionaMRTM simulationsystem. Suchkind of
work load is too much for most client-side computingresources. Therefore,the client-side
computingmodelusedin the one-dimensionalIRTM simulationsystemdoesnot fit the three-
dimensionakases.High performanceparallel)computingtechnologiesare neededo achiere
betterperformance.This researchaimsto transferthe traditional high performancecomputing
modelto aweb-basedne,sothatusersarerelieved from tedioustext-basederminaloperations

andmanualmaintenancef resultdatafiles. Java 2 EnterpriseEdition (J2EE)technologie$43]
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Figure3.2: Systemarchitecturdor thethree-dimensiondIRTM simulation.

enablethe senerside computingfeaturesof the three-dimensiona/IRTM simulationsystem.
Insidethemulti-tieredcomputingarchitecturgFigure3.2),the middlevareprogramrunsinside
a J2EE sener all the time, and provides web servicesfor the requestgo executethe three-
dimensionalsimulationcomputations. The J2EE sener connectsthe client and sener sides
smoothly Computingrequestsare submittedby the client-sideweb browser arrangedby the
J2EEmiddleware,andfinally sentto thesener-sidecomputingresourcesThehighperformance
computingis executedon the sener-side parallel computers. Theseparallel computersmight
be the samemachinesvherethe J2EEsener runs, but also could be differentmachines.The
computingjob informationandresultdataaremaintainednsidea databaseyhichresidesonthe
additionaldatabasesener. Although the systemarchitecturebecomesnuchcomplicatedthan
the simple client-serer modelin the one-dimensionasystem,the three-dimensionaMRTM

simulationsystemis moreflexible, portable andsecure.
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3.2 One-dimensionalSimulation Systemand Related Technologies

The one-dimensionalweb-basedsimulation ervironment for retention and transportof
organic and inorganic compoundsn soil is basedon the one-dimensionaMRTM transport
modelby Selimetal. [4, 5]. The corecomputingcomponentsverewrittenin C or FORTRAN
for their computationalefficieng.. The simulation systemis accessiblefrom the Internet.
Someemeging Java techniqueslike Java Native Interface[40, 41] betterknowvn asJNI, and
Swing [39, 44)], areusedin the developmentof the web-basedimulationenvironment. The
computationsn this simulationsystemexecuteson the client side,andthe incurredJava client
sidesecurityproblemhasbeenconsiderecndsolved[18, 42].

The JNI allows the Java codethat runsinside the Java virtual machine(JVM) of the web
browserto interoperatavith applicationsandlibrarieswritten in otherprogramminganguages,
suchasC, C++,andFORTRAN (Figure3.1). This makesit possibleto reuselegag code(i.e.,
existing code)written in otherprogramminglanguagesndenableresearcherfrom ary other
discipline,in collaborationwith computerscientistsandmathematiciangp developlarge code
andaddnew functions. The codewriting processanbe doneindependenthaccordingto the
researcherspreferenceof programminglanguage. Thosecodecan be linked afterwardsand

becomeasawhole,thedesiredapplication.

3.2.1 JavaTechnologiesn One-dimensiondIRTM Simulation

The Java programminganguagebecamepopularvery quickly. During the first yearof its
existence,Java was alreadythe Internets adoptedprogramminglanguage. Java, designedo
be type-safeand easyto use,is platform-independdn It enablesprogrammergo “Compile
onceruneverywhere”.Java providesfeaturessuchasautomatiaonemorymanagemengarbage
collection,andrangecheckingon stringsandarrays.Java appletsrun on web pagesandcanbe
usedto createdynamicandinteractive websites[45, 46].

The Java FoundationClasseqJFC), which encompass group of featuresto help people
build graphicaluserinterfaces(GUIs), enableddevelopersto easilyincorporatehigh-quality2D

graphics,text, andimagesin Java applicationsand applets[39, 47]. The Swing components,
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Figure3.3: Componentsn the one-dimensionasimulationsystem.

which arethe majorfeaturesof JFC,include everythingfrom buttonsto slidersto split panels.
Swing, supportedby JDK 1.2, has completely replacedAbstract Window Toolkit (AWT),

which is the standardApplication Programminginterface (API) to provide GUIs in former
JDK versions.The biggestdifferencebetweenSwing and AWT is that Swing componentare
implementedwith pure Java code. Swing provides completeportability, sincethe pure Java
designhaslessplatform specificlimitations[45, 47].

However powerful Java is, a pure Java world could not happenover night. Other native
languagessuchasC/C++,andFORTRAN, have existedfor long time, andarestill the primary
languagedor scientificcomputing. Thereare enormousnvaluablenative applicationswhich
do not contain(asJava does)standardize@ndplatformindependensupportgor creatingweb-
baseduserinterfaces. In orderto reuselegag/ code and provide web-basedeatures,it is
necessaryor a programmeto interfaceJava codewith native codewritten in otherlanguages.
In this one-dimensiondlIRTM simulation,legagy FORTRAN andC codeareslightly modified
andpackagednto dynamicallibrary, sothatappletswritten in Java providing web-basediser
interface,cancall the corecomputationafunctionswrittenin C/C++or FORTRAN smoothly

Theintegratedsimulationsystencontainghreeparts(Figure3.3). TheMRTM computation
package,which is written in FORTRAN, dealswith all the transport-retentiorcalculations.
The graphicalvisualizationpackageplots two-dimensionatunesin Java applets.The Swing-

featuredappletmanageshewholesystem It receivesinputparameterfrom userwebbrowsers,
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Figure3.4: GUI for the one-dimensionaimulationsystem.

calls the computationapackageto work, andlets the graphicalpackageanimatethe reactions
andplot resultcurves(Figures3.4and3.5).

The usercanspecifythe soil characteristicandtransportandkinetic rate parametersising
the slidersandinput boxes (Figure 3.4). The computationakimulationis initiated by clicking
the control button. Eachbox in Figure 3.4 representa particularsolute phasein the MRTM
model.

The simulationsystemgeneratesoil concentration-deptbunes,andallow usersto choose
specifictime stepsof thereactiondn MRTM throughthe controlbuttons(Figure3.5). All these
featuresenableusersof the simulationsystemto directly obsere how the concentration®of
differentspeciegespondo changesn variousparametersandidentify trendsandpatternghat
would otherwisebe too time-consumingo discover. Text outputfiles containingthe numerical

resultsareautomaticallygeneratedn the currentworking directoryof thelocal machine.

3.2.2 JINlandApplet Security
Legayy FORTRAN codesareembeddedn this one-dimensionasimulationsystem. They

perform matrix computationsjntegration, and other numericalcalculations. Thesecodeare
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Figure3.5: GUI for the one-dimensionaimulationsystem.

keptintact insteadof translatednto Java, becausd=ORTRAN languages still more efficient
thanJava and codetransactionmplies considerabldabor cost. Therearemillions of lines of
usefulandtested~FORTRAN codestoday The Java Native Interface(JNI) providesan efficient
way for codereusability[40, 41].

The JNI is partof the Java developmentKit (JDK). It allows Java codeto call C/C++code
andprovidesall kinds of functionality for communicationgrom bothsides[40, 41]. TheJNIis
especiallyusefulwhenthe standardlasa classlibrary doesnot provide someneededlatform-
dependenfeatures,when performancebecomesthe major concernor when existing legag
librarieswrittenin otherlanguagesretoo costlyto rewrite.

Figure3.6 shawvs the stepsinvolved in thedevelopmentof JNI programs.OnceJava classes
are definedwith natve methodsthey are compiledwith the “Javac” command. Then, the
utility program“Javah” generatesieadefiles for the natve methods.Thosenative methodsare
implementedaccordingto the declarationn the headeffiles. The native codeis thencompiled
to build asharedibrary (sufixed“.so” on Solarisplatform)or a dynamiclink library (sufixed

“.dIl” onWindows platform). The Java programloadsthe createdibrary to be executed.
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Figure3.6: Flowchartof the combinationof native methodswith Java code.

The currentversionof JNI only permitsthe Java codeto call C/C++ modules.In orderto
call FORTRAN or even assemblymodules,building the shared(or dynamic)library mustbe
extendedusingthe C-FORTRAN interface[48]. WhenFORTRAN codeneedso be calledby
JavausingJNI, C andFORTRAN sourcecodeshouldbe compiledseparatelyo generatabject
modulefiles sufixed with “.0”. Thelinker utility thencombineshe C and FORTRAN object
modulesto build the desiredibrary, which canbe calledby Jara code[40].

Therearetwo kinds of Java programsrunningin the client-sidecomputerswith different
security restrictions. A Java applicationis a regular program running inside an abstract
ernvironmentcalledJava Virtual Machine(JVM). A Java applet,on the otherhand,runsinside
the Internetbrowserthat usually imposesstrict network restrictions. Sinceappletsneedto be
downloadedfrom theremotewebsiteto the client machinebeforeexecution,securityproblems
arise. All standardnternetbronsersimplementsecuritypoliciesto ensurethat appletsdo not
compromisesystemsecurity becausappletswithout securityrestrictionscould make the client

computersrulnerableto network attackg49].
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Figure3.7: JDK1.2securitymodel[42].

The JDK 1.2 implementedthe “sandbox” security model (Figure 3.7)[42 44)], in which
default applicationglocal programshave no limits within the systemernvironmentof the client
machine. Default applets(remote programs)on the other hand, are treatedas “untrusted”
and restrictedto the “sandbox” ervironmentwith limited privileges. Therefore,the applets
cannot,e.g., load libraries, define native methods,read/writelocal files, read certain system
propertiesstartary programon the client machine etc. This researchintroducesa solutionto
theproblemof applets restrictiongo definenative methodshy allowing thoseappletqwith JNI
native methods}o be dovnloadedto the client machineandexecuted.The Appletviever utility
providedby JDK 1.2 senesasthe default brovserdueto its pure Java compatibility

In orderto grantfurtheraccesgo the appletsusing JNI, permissionsaregrantedthrougha
policy file usingavailable featuresof the JDK 1.2. The securitypolicy is setby the program
userusingthepolicy tool in JDK.1.2,which cancreateandmodify the policy configuratiorfiles
[42, 49). In orderfor theappletgo appeainsidethebrowsers theapplet-class-loadeheckshe
codebaseropertyin the HTML file (that containsthe Swing interface)to find wherethe Java

classesrelocated,andthendownloadthoseclassedo the client machine.
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Whenthe JNI needdo load native libraries, it requiresthoselibrariesto resideon the local
client machine. The Java applets,with grantedpermissionsdownload the libraries through
HTTP connectionsThen,the JNI loadsthe librariesthroughthe system-class-loadémsteadof
applet-class-loaderTherefore,the securitypolicy needsto grantto the appletsusing JNI the
following permissionsreadfile (libraries)from specifiedURL, write file (libraries)to specified
local disk,andloadlibrariesto call native methods With all thesepermission,JNI-basedpplets

canexecutelegag libraries,andstorecomputationatesultfiles on the client-sidecomputers.

3.3 Three-dimensionalSimulation Systemand Related Technologies

As mentionedbefore,the three-dimensiondIRTM modelis very computationalntensve.
The JNI technologywrappingJava codewith the legag/ codeandexecutingthe computations
on the client side, can not meetthe requirementof such high computingwork loads. It
is unacceptabldor usersto wait online for resultsduring the time-consumingcomputations.
High performance(parallel) computingis also difficult to implementinside the client side
web browsers. Furthermore the web-basedrogramswith JNI blendingtechnologyrequire
userseitherto know how to configuresecurityon their local computers,or trust Java applet
providers completely The one-dimensionasystemlibrariesrunninginside Java appletshave
the constrainof platform dependenc#oo. All theserestrictionsleaddevelopersto the sener-

sidecomputingmodelto fulfill therequirement®f high performanceomputations.

3.3.1 TraditionalHigh Performanc&omputingModel
Traditional programsin high performancecomputationalfield simulations are often
platform-dependentstandalone,and lack of embeddedvisualizationtools. The platform-
dependenceequiresusersto recompile programsbefore running them on a newv platform.
The sourcecodeeven needssomechangesf the software packagesave platform-dependent
features. Standaloneapplicationsrequire usersto keep a copy of compiled programsand
install all necessargupportingsoftwareon their local computers Parallel standalongrograms

make things more unafordable, becauseparallel computing systemsare often much more



62

User FTP binary code visualize data
Terminals rlogin & submit jobs (GUl tools)
r
N
h 4
Parallel execute execute
Machines computations computations
l v
N
Remote File restore resuft FTP
Systems data files

Figure3.8: Traditionalprocedurdor remotecomputatioranddatavisualization.

expensve than personalcomputers. The traditional solution to utilize parallel resourcess
oftento allocateaccountdor differentusers,andpermitthemto logonthe parallelsystemand
then submitcomputationajobs. This solution addsmore administratie loadsto the parallel
system,andapparentlyis not suitablefor vastnumbersof users.Furthermoreyisualizationof
the computationaflesultsneedsseparat@perationsvithout the help of embeddedisualization
tools. The computationaresultsare traditionally saved as datafiles after programsterminate.
Although userscan view the resultswith favorite visualizationsoftware, they must have the
responsibilityto install the visualizationsoftwarelocally andmaintaintheir datafiles manually
Figure 3.8 shaws the traditional procedureto executea high performancecomputational
programandview theresultsafterwards. Authorizeduserstransferthe computational-interige
binary codesto the remotesupercomputerthroughFTP operationssubmitthe computational
jobsthroughrlogin operationsanddownloadthe dataresultsto their local computerghrough
FTP operationdater Finally, usersvisualizethe dataresultsthroughGUI tools on their local
computersThewhole proceduraepend$ieaily oncommand-line-baseaperations.
Traditionalsimulationsystemsoften interactdirectly with file systemsjnsteadof database

managemensystems;o searchfor the job information (i.e. resultfiles). Sincefile systems
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cant provide the corvenienceto efficiently manageand comparethe information of different
jobs,moreadditionalcommand-lineoperationsareneeded Furthermorethetraditionalsystem
developersshouldsendthe whole software packageto users,even just for testpurposes.The
userstheninstall and maintainthe packagealongwith necessargupportingsoftware on their
local machines.Suchkind of software distribution is neithereconomicahor efficient for both

developersandusers.

3.3.2 Web-basedHigh Performanc&ComputingModel

With the developmentof the Internet,online accesgo remotehigh performanceomputing
programsseemso becomea naturalextensionto the traditionalcomputationamodel. Through
the popularweb browsers,userscould have the vision to take full advantagesof the remote
distributed resourcesjncluding supercomputersyisualizationsoftware, and storagesystems
(file systemsand databasesystems). Userscould get completelyrelieved from the tedious
command-line-basedperationsvith the back-endsystemcompleity hiddenfrom them. Web-
basedscientific computingsystems,as applicationsof the so-calledE-Sciencetechnologies,
tendto provide the samecornvenientand powerful servicesas E-Commercdechnologieioin
businesdields.

This researchusesthe Java 2 EnterpriseEdition (J2EE) technologies[43, 50| by Sun
Microsystems,and proposesa generalarchitectureto build robust and scalableenterprise
applicationsfor web-basedener-side high performanceomputingsimulationsystemgthree-
dimensionalMRTM), as shavn in Figure 3.2. The J2EE sener, providing the running
environmentfor themiddle-wareprogramsresideson amachineaccessibléhroughthenternet
(i.e. Titan.erc.msstate.eduUI componentgontrolling the simulationsystemsareembedded
in the client-sideweb pageswhich aredisplayedthroughthe web browvsers. The J2EEmiddle-
ware programstransmit the job-managingrequests(i.e. submitting computationaljobs or
visualizingdataresults)from the client-sideweb browsersto the senerside high performance
computingresourcesandfeedbacktheresponseby generatinglynamicalGUl webpages.The

computationamodeldevelopersbuild, validate,andtestthe computingmodulesseparatelyand
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oncefor all install the binary codeto the sener-side supercomputerfNavajo.erc,Lakota.erc,
andsoon). Thecomputationatesultsarestoredin the remotenetwork file systemgNFS),and
controlledby databasenanagemergystemgDBMS) residingon adatabaseener maching(i.e.
Ra.msstate.eduThevisualizationsener maching(i.e. Andy.erc) performsremotevisualization
tasksutilizing thetraditionalgraphicgpackagesn batchmode.

The usertransparenc provided by the web-basedntegration allows usersto accesshe
simulation systemjust through web browserswithout caring aboutwhere the computations
are performed. Since Java programscan “compile once,run everywhere”,the J2EEmiddle-
ware programsare platform-independdnwithout portability problemin the traditional system
integration. Sinceall codes(high performancecomputationyisualization,J2EEmiddle-ware
anddatabas&QL script)aredeveloped,nstalled,andmaintainednthesener sideby different
developers softwaredevelopmentanddistribution becomanoreflexible. Theintegratedsystem
administrationcanalsobe implementedasweb servicesby the J2EEmiddle-ware. Therefore,
not only the traditional rlogin and FTP operationscan be relieved from users,but also the
systemmaintenanceoperations(i.e. allocating user accounts,deleting obsoletedata files)
canbe performedby administratordhroughthe web interface. Furthermorethe J2EEsener
provides the low-level systemsecurity control on the sener side, and simplifies the security
logic during the codedevelopment. The integratedsystemarchitecturan Figure 3.2 takesfull
advantage®f distributedresourcesvith moreefficiengy thanthetraditionalcentralmanagement
systemarchitecture.Iln conclusionthe J2EE-basedemotecomputingarchitectureguarantees

the systemportability, flexibility, security andefficiency.

3.3.3 J2EETechnologieandEnterpriseSystemintegrationArchitecture
The three-dimensionalMRTM simulation system integration is basedon the J2EE
technologies,which provide the component-basedpproachto the design, development,
assemblyanddeploymentof enterpriseapplications.The simulationsystemadoptsthe multi-
tiered distributed applicationmodel, in which the whole systemlogic is divided into various

componentsn differenttiers runningon differentclient-sideor sener-side computers.Thus,
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peoplewith different skills working on different componentor tiers can collaborateduring
the whole developmentprocess. Therefore,the J2EE-basedimulation system,as called the
enterprisaapplication,is very scalableandflexible.

Component-basedystemdevelopmentis one of the major featuresof J2EE enterprise
applications. This developmentparadigmis fundamentallybuilt upon the object-oriented
(O0) developmentparadigm. The principles of modularity abstraction,and encapsulation
inherentto the OO paradigmenablesoftware reusability scalability maintainability andrapid
development. Comparedto the OO software developmentparadigm,the component-based
software developmentbuilds enterpriseapplicationsmorerapidly andwith a higherdegreeof
reliability.

In the OO developmentparadigm,the fundamentakoftware units are classesand objects.
Classe®ncapsulatdéine-grainedconceptof a problemor solution, whereasobjectsrepresent
instanceof classesreatedduring the runtime executionof the applicationprogram. A class
only encapsulatea singularconceptwith a setof objectattributesand operations. The OO
class-leel software reusability is not practicalfor the high-level developmentof enterprise
applicationsdueto thebig jump from logic analysisto programdesign.

On the contrary the component-basedevelopmentoffers a coarseigrained meansto
analyzeand encapsulat@roblems. A componentepresents particularserviceasa function
group of several conceptgor classesn the OO paradigm)in the component-baseparadigm.
The componentgxposeserviceinterfacesto developersandusers. The interfacesencapsulate
thecomponenservicesandshieldtheimplementatiordetails.Representinglogical collection
of oneor morefinergrainedclassest a higherand coarsegrainedlevel, the componenmay
directly encapsulate partitionedproblemandimplementthe applicationstraightforvard from
logic analysisto programdesign. Differentcomponentsareusedin differenttiers of the three-
dimensionalMRTM integratedsystem,including Appletsin the client tier, JSPsand Servlets

in the web tier, and EJBsand JavaBeansin the businesstier. The componentparadigm,as
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Figure3.9: Enterprisesystemarchitecturdor thethree-dimensiondIRTM simulation.

the foundationof J2EEtechnologiesgreatly simplifiesthe enterpriseapplicationdevelopment

[43, 50]. Themulti-tieredsystemarchitectures describedn Figure3.9.

3.3.3.1 ClientTier

As shavn in the multi-tiered architecture(Figure 3.9), the client tier is the top layer
of the three-dimensionaMRTM simulation system. The componentf the client tier run
inside the web browserson the client machines,or users’local computers. The client-tier
usersfrom web browsersaccesghe enterpriseapplicationon the MRTM simulation system
website jnput parameterfor the simulation(includingtransportandretentioncoeficients,even
parallelcomputingconfigurations)andsubmitcomputingjobsthroughtheweb GUIsto parallel
computerson the sener side. The simulationsysteminformation, retrieved from the database

throughthe underneattiers, canalsodynamicallydisplay on the web pages.Thus,usersmay
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checktheir job information(view the computingresults),andthe simulationadministratormay
changethe userinformation (addor deleteusers).All thesepresentationsreimplementedoy
componentgalled the web clients, which are dynamicweb pageswritten in varioustypesof
markuplanguagdi.e. HTML andXML). Thewebbrowsertransformgequestsn theclienttier
into HTTP requestandsendshemto thewebtier, thenrecevesHTTP responsefrom theweb
tier andtransformsheminto graphicuserinterface(GUI) contentdo renderin the web clients
[51].

The web clientsare often called thin-clientsin the enterpriseapplication,becausehey do
not directly querydatabasesxecutecomplex businesdogic, or connecto legag/ applications.
Suchhearyweight operationsare off-loadedto the componentsn the webtier or businesgier
underneathin orderto utilize the security speed,service,and reliability provided by J2EE
sener-sidetechnologies.The thin-clientdesignmakesthe enterpriseapplicationscalable and
developmentprocessimpleandflexible.

Java applets,as J2EE client-sidecomponentsare embeddedn the client tier servingas
containersfor visualization programswritten in Java3D graphicalpackaged52]. The Java
Swing technologycombinedwith Java3D supportsthe visualizationinterface for the MRTM
computationatesultdata.As discussedhn the one-dimensionallRTM simulationsystem Java
appletswith securityconstrainexecutein the Java Virtual Machine(JVM) of thewebbrowser
hencerequiresusergo configurepermission®ntheirlocalcomputersSuchsecurityrestrictions
from the client-sideapplicationmodel are relieved from usersin this enterpriseapplication,

wherethe systempermissionsreconfiguredhroughthe J2EEsener by theadministratar

3.3.3.2 WebTier

As the secondtier in the multi-tiered enterprise simulation system, the web tier
communicatesvith both the upper client tier and lower businesstier. Inside this tier, the
information from the client-tier requestsare processedand forwardedto the businesstier.
The dynamically generatedesponsesy the web tier, togetherwith the feedbackfrom the

businesstier, are transmittedback to the client tier for displayingin the web pages. Web
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componentseparatdghe web logic control from the web pagedesign,enablingconciseand
modulardevelopment.

The logic of the web tier is implementedby the web-tier componentsrunning in the
J2EEsener. Java servletsand Java Sener Pages(JSP)arethe major componentdo generate
dynamicalresponsesgor the client-tier requests.Servletswritten as Java classesdynamically
processHTTP requestsand constructHTTP responsedor web applications. Due to the
object-orientedeaturesof Java language servletshave the advantagesof maintainabilityand
reusability henceusedasthe centralcontrolling unitsin the web tier of the three-dimensional
MRTM enterprisesimulation system. According to the client-tier requeststhe controlling
servletsforwardthelogic flow to differentJSPpagespr the processinginits.

JSPpagesaretheprocessinginitsin thewebtier of thethree-dimensiondRTM enterprise
simulationsystem.Comparedo thetediouspure-Jaa programmingor theservletdevelopment,
the JSPtechnologyallows a naturalapproacho creatingweb contentshecausef its simplicity,
flexibility, andcompatibility JSPpagesaretext-basedlocumentsvith two typesof contentsthe
staticscriptsexpressedn HTML (HyperText Markup Languagepr XML (ExtensibleMarkup
Languageformat,andthe JSPelementswhich constructdynamicresponsesWith the help of
HTML or XML scripts,generatingdynamicalweb responseaccordingto client-siderequests
becomewery straightforvard [53, 54]. The JSPelementsontainthe Java codewhich retrieves,
processesand forwards information betweenthe client and businesstier. CustomTags, an
important JSP elementsfor example, realize the loop operationsin dynamicalweb content
generationn the MRTM simulationsysten43, 54].

JavaBeansanothertype of web-tiercomponentsietrieve theinputinformationfrom client-
sideHTTP requestssuchasthe useraccountandjob managemerinformation. SinceJavaBean
componentgxecutein the J2EEsener, they canaccessheruntimeJava Virtual Machine(JVM)
of thesener computerg50]. Compiledbinarycodewrittenin natve languagedike C/C++and
FORTRAN canbecalleddirectly by thesener-sideruntimeJVM throughJavzaBeansTherefore,

the client-sideJNI technologyusedin the one-dimensionasimulation systemis replacedby
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sener-side JavaBeancomponentechnology The binary codedirectly calledby JavaBeansn
the three-dimensionallRTM enterprisesystemis moreefficient thanthe JNI wrappercodein

the one-dimensionadystem.

3.3.3.3 BusinessdTier

In order to improve performance,businesslogic, such as processinguser and job
information, is relieved from the web tier and handledby the businesstier. In the business
tier, Enterprise]JavaBean(EJB) componentseceve informationfrom theweb-tiercomponents,
procesghe format,andsendto the databasen theresourcdier for storage.EJBsalsoretrieve
datafrom the databasén theresourcdier, procesghemif necessaryandsendbackto theweb
tier for display

In the MRTM enterprisesystem,two kinds of EJBsareused: sessiorbeang(sessiorEJB)
andentity beangentity EJB).A sessiorbeanrepresents transientconversationwith the client
side. Whenthe client finishesexecuting(for example,the userlogoff the simulationsystem),
the sessiorbeanandthetransientdataaregone.In contrastanentity beanrepresentpersistent
datastoredin onerow of a databaséable. If the clientterminatesor if the sener shutsdown,
the underlyingJ2EEservicesensurethe entity beandatais saved in the databaseThe session
EJBsretrieve informationdirectly from the web tier, procesghe businesdogic, andthencall
the entity EJBs. Entity EJBsdirectly connectdatabasén the resourceier to load or storethe
informationprocessedby the sessiorEJBs. Therefore the systemlogic flows throughservlets,
JSPssessiorEJBs,entity EJBs,andfinally arrivesthe databasén theresourcdier.

The enterprisesystemcan improve performanceby dividing the businesstier to session
EJBsand entity EJBs. Sincethe J2EE sener can only accommodate limited number of
concurrentdatabaseconnections,excessie interactionsbetweenJSPsand entity EJBs (for
example whenmary usersaccesshe MRTM systensimultaneouslyyanoverburdenthesener
systemresourcesThe sessiorEJBs,actingasa buffer, procesghebusinesdogic from theweb
tiersfirst, and call the entity EJBsto connectdatabas®nly if necessaryThus,the numberof

concurrentdatabaseonnectionsare greatlyreduced hencesystemperformancewill improve.
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This multi-tiered designalso makes the J2EE applicationmore scalable. The sourcecode of
servlets JSPssessiorEJBs,andentity EJBsin the enterprisesystemis clearly modulatedand
greatlysimplified. Futurefunctionalenhancemer differenttiersonly causeninimumchanges

to the entireenterprisesystem.

3.3.3.4 Resourcdier

Theresourcdier in the J2EE-basetRTM simulationsystemcontainsthe databassener,
parallel computingresourcesand network file systems. The databasesener, for examplean
Oraclesener, canrun on a separatanachine. This enterprisesystemusesthe Cloudscape
databasesener embeddedn the J2EE sener to managethe database. Therefore,both the
databaseener and J2EEsener run on the samemachine. The parallelcomputingresources,
or the parallel computersare eight SUN SuperMSRRRC processorsvith the shared-memory
environment. The network file systemsstorethe parallelMRTM simulationcodewrittenin C
languageandthe computationatesultfiles.

Maintainingenterprisedata,suchasthe systemmaintenancénformation(i.e. useraccount
andauthenticationandthe computingresultinformation(i.e. resultfile location),is oneof the
mostimportantstepsinvolved in building the three-dimensionalIRTM enterprisesimulation
system. The collectionof data,often referredto asa databaseganbe managedy a database
managemergystemDBMS). DBMS is theinformationtechnologysedby enterprisesystento
efficiently retrieve, update andmanageenterprisadata.Java Databas€onnectyity architecture
(JDBC) is the standardmeansfor connectingdatabasdrom Java applications[44, 55]. All
the three-dimensionaMRTM simulation information is storedand managedin a database
throughJDBC connections.The storageand managemenof scientificdatathroughdatabase
managemenrgystemsallows scientistgo explore dataresourcesicrosdnternetefficiently.

In this enterprisesystem entity EJBsin the businesdier accesshe databas¢hroughJDBC
connections.JaraBeandn the web tier submitparallelcomputingjobs directly to the resource
tier. The parallel computingjob queuesare managedoy the PortableBatch System(PBS),

which providesmuchflexibility andfunctionality ThePBSoperate®nmultiple UNIX network
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environments, including heterogeneouslustersof workstations,supercomputersand other
parallelsystems.Userssubmitjobsto the PBS specifyingthe numberandtype of CPUs. The
manualoperationsareautomatizedn theweb-base@nterpriseMRTM simulationsystem.With
specifiedemail addressn the PBSjob submissionthe job executionacknaviedgmentcanbe
sentto userssynchronously

Although the parallelcomputersand J2EE sener residein differentlocations,they access
the samenetwork file systemsn theresourcdier. Theresultdatafiles of the MRTM simulation
systemare saved by the parallel computersto the public_html directory of the J2EE sener,
anddirectly readandrenderedoy the Java3D appletsin the client tier. URL connectionshelp
Java3D appletsreaddatafrom the resourcetier. Policy files for security configurationused
in the one-dimensionasimulation systemare not neededn the three-dimensiona¢nterprise
simulation.The J2EEadministratarinsteadof the systemusers configureghe accessuthority
of the public_html directory so asto solve the securityrestrictionsfor the appletsin the client
tier. Sincethesystenlogicis performedransparentlyo userdn theJ2EEsener, thissener-side
securityconfiguratiormalkesthe enterprisesystemmoretransparentfexible, andsecure.

The one-dimensionaMRTM systemusesJava2D technology whereasthis enterprise
simulation system uses more powerful Jasa3D technology Java2D and Java3D are the
graphicsand multimediacomponentdor J2EEuserinterfacing. Java2D enablessophisticated
two-dimensionalrenderingof objectsand images. Jara3D provides interfacesfor creating
and manipulatingthree-dimensionashapes,as well as adding animation, texture, lighting,
and shadingto theseobjects[47, 52]. Thesegraphicstechnologiestogetherwith database
managementutomatizeéhe web-base®D visualizationof computingresultsin the enterprise

simulationsystem.

3.3.4 SystemintegrationandWebInterface
In conclusion, the three-dimensionalMRTM simulation system applies the J2EE
technologiedo build the multi-tiered distributed computingenterprisearchitecture.The client

tier provides the web-basedGUl componentdor usersto transparentlyaccesshe back-end
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Figure3.10: GUI for theenterpriseMRTM simulationsystem.

resourcegi.e. specifyingthe parallelcomputers)submitcomputationajobs, andvisualizethe
resultdatawith Jasa3D Applets. The J2EEmiddle-ware programsrun inside the middle tier,
which is divided into the web tier andthe businesgier. The web-tiercomponentsincluding
Java Servletsand Java Sener Pages(JSP),acceptuserrequestsand generatedynamic GUI
responsesor the client tier. The EnterpriseJavaBean(EJB) componentsn the businesstier
interactwith the databasesystemin the resourcetier, and managethe remotecomputational
and systemmaintenancénformation. The JavaBeancomponentsn the businesgtier interact
with the portable batch system (PBS), and automatizethe batch-modejob submissionto
remotesupercomputerns theresourcdier. Sincethe governingcornvection-dispelisn-readion
equationsfor the three-dimensionaMRTM model are computationallyintensve, parallel
alternatingdirection implicit (ADI) methodis appliedfor efficient solutions. The OpenMP
parallel implementationdor different boundaryconditionsare installed on the resource-tier
supercomputerservingasremotehigh performanceomputingservices.The computingresult
dataarestoredin the network file system(NFS), while the computationajob informationand

systemmaintenancénformationis managedy the databassystemin theresourcdier.
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Figure3.11: GUI for theenterpriseMRTM simulationsystem.

As shawn in Figure 3.10, the computationaljob information storedin databasdables,
analogousto Excel spreadsheetds displayedin the web pagesdynamically generatedoy
J2EEmiddle-ware programs. Protectecby passwerd authenticationsuchweb-basediatabase
managemeninakes computationainformation easily accessiblgo scientists. The web GUIs
containlinks to the visualization page (Figure 3.11), where Java3D appletsprovide online
controlsto the 3D resultdata. Sincethe three-dimensiondMRTM computingresultfiles are
hugein size,the Javra3D appletsvisualizethe solutionof concentrateby cutting-planesn order
to minimize the datatransferthroughthe Internet. In addition, job submissionpageallows
usersto specify both the nameof parallel computersand numberof parallel threads. Users
areautomaticallynotified throughemailswhenthe remotecomputationstartandfinish. Other
maintenanceagesalso provide online systemadministrationfunctionality suchasallocating
usersandpasswrds,deletingobsoletgob files,andsoon.

In generalusersof this J2EE-basedimulationsystemfeel just like shoppingonlinewhen
they submitcomputingjobs and view the visualizationresults. Suchsystemintegration can

overcomethelimitationsof theprevious JNI-basedlient-sidecomputingarchitectureandreuse
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the platform-independenswing GUI componentsn the one-dimensionaMRTM simulation
system.

As the E-Commerceechnologiegevolutionize the way peopledo business E-Scienceis
changingthe way scientistsdo computing. Since the systemlogic is divided into various
componentsunning on different machines,developerswith different skills can collaborate
easilyduringtheintegrationprocessTheweb-basedystemintegrationprovidesthe possibility
to manageand utilize distributed computing resourcesmore efficiently and economically
Scientistscan alsoreal-timetraceremotehigh performancecomputationsgasily manageand
explore dataresourcesicrossthe Internet,and corveniently shareand utilize remotesoftware

tools.



CHAPTERIV
PARALLEL IMPLEMENTATION

Parallel computing is widely usedto efficiently solve scientific problems, which are
often irregular, large and computationallyintensie [56, 57, 58]. In this web-basedhree-
dimensionaMRTM simulationsystemparallelizatiorplaysanimportantrole to provide remote
high performancecomputingservices. The intensve computationsare partitionedto parallel
computersand solved simultaneouslywith the resultsgatheredand synchronizedafter all the
processorfinishtheirexecutions Findingthebestsolutionsrepresentanimportantcontrikution
to the developmentand understandingf scientific phenomena. Basedon the ADI method
discussedn Chapterll, this chapteraddresseshe parallel computingconceptsand focuses
on the parallel technologiesusedin the MRTM simulation system. Parallelismis exploited
at threedifferentlevels: the parallelalgorithm, the systemarchitecture andthe programming

tool [56, 59.

4.1 Parallel Algorithm and Performance

Efficient parallel implementationsare importantto scientific problems. The major goal
of the parallelimplementationss to solve computingproblemsmore quickly and efficiently
with availableparallelsystemresourcesMary metricsareusedto evaluatethe performanceof
parallelalgorithms,suchasparallel/seriatun time, speedupefficiency, andcost[60, 61].

The serialrun time (T) of a programis the time elapsedetweenthe beginning and the
endof its executionon a sequentiacomputer The parallelrun time (7},) is the time elapsed
from themomentthata parallelcomputatiorstartsto the momentthatthelastprocessofinishes
execution.Speedu§S) is formally definedastheratio of theserialruntime of thebestsequential
algorithmfor solving a problem,to the time taken by the parallelalgorithmto solve the same

problemon P processors.Efficiengy (F), definedasthe ratio of speedupo the numberof
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processorsteflectswhetheror not processorsre usefully emplg/ed. The cost(C) of solving
a problemon a parallelsystem,definedasthe productof parallelrun time andthe numberof

processorsised,reflectsthe sum of the time that eachprocessoispendso solwe the problem

[32, 60, 61].
T
S = T, (4.1)
S
B=3 (4.2)
C=T,xP (4.3)

A parallel systemis cost-optimalif the costof solving a problemon a parallelcomputer
is proportionalto the executiontime of the fastest-knan sequentialalgorithm on a single
processar The scalability of a parallel system,a measureof its capacityto increasespeedup
in proportionto the numberof processorsreflectsthe parallel systems ability to effectively
utilize increasingorocessingesource$56, 60].

Performancés themajorconcerrin theparallelimplementationln anidealsystemspeedup
is equalto the numberof processors andefficieng is equalto one. However, in practicethe
speedups lessthan P andthe efficiencgy is betweerzeroandone,dependingon the degreeof
effectivenessvith whichprocessorareutilized. Thespeeduoundfor afixed-sizeproblemcan
beexpressedy the Amdahl'slaw [32, 62]. AssumingthatagivenproblemneedsV operations,

eachof which takestime r to finish, the serialrun time on oneprocessois

Ts =Nt (4.4)
Supposin@fractiona(0 < a < 1) of the N operationsareparallelizablethe parallelruntime
on P processor$or thatproblemis

aNT

T, =(1—aN
»=( a)T"‘P

(4.5)
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andthe speedups
T Nt 1 P
T, l-aNr122 (1-a)+% (-aPta (4.6)

Thereforethespeedugis boundedyy ﬁ whichis thehighestpossiblevaluewhenp — oco.
This disappointingoredictionis basedn theassumptiorithatthe problemsizeis fixedwhile the
processomumberincreases.Actually, the goal of parallel computingis to solve large scale
problems.An alternatve model,basedon fixed computatiortime insteadof problemsize,was
proposedy Gustafso32, 63]. Supposinghatagivenproblemcanbesolvedin oneunitof time
on a parallelmachinewith P processorandthatthetimesin serialandparallelcomputations
arel — f and f respectrely, thetime for a uni-processocomputerto solve the sameproblem
wouldbel — f + fP. Thereforethespeedups expresseds

:1—f+fP:

5 1

1-f+fP 4.7)

The Gustafsors model shavs a linear relationshipbetweenthe speedupand numberof
processorsand the possibility to achiere scalability of a parallel system[32]. In orderto
achieze good performancethe parallel systemoverhead,which is definedas the difference
betweenits costand the serial run time of the fastestknowvn algorithm for solving the same
problem, should be minimized. The definition of overheadencapsulatesll the causesof
the inefficienciesof a parallel system,whetherdue to the algorithm, the architectureor the
algorithm-architectwinteraction. The majorsourcef overheadn a parallelsystemareinter
processocommunicationjoadimbalanceandredundantomputationg56, 57, 64]. Thetime
to transferdatabetweerprocessorss usuallythe mostsignificantsourceof parallelprocessing
overhead.Loadimbalanceoccurswhendifferentprocessorsiave differentwork loads,because
someprocessorsnay beidle while othersarebusyworking on the problem. Thefastesknown
sequentiablgorithmfor a problemmay be difficult or impossibleto parallelize forcing people

to usea parallelalgorithmbasedon a poorerbut easilyparallelizablesequentiaklgorithm. The
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extra computationdrom the slower sequentiallgorithm may also contritute to the overhead
[64].

At the parallel algorithm level, the detectionfor parallel resourcesand overheadof the
approximatefactorizationADIl method,which is usedto solve the governingequationsn the
MRTM model,is animportanttaskin this research.Consideringhe following threesub-steps

in theapproximatdactorizationADI methodfor eachtime step:

Atd Ata

(T + == 0a — ——02)ui i
:(1_¥5$ Ata62)( Ate(s Atb52)( %5,2 At(;é?) »
+—ml —; Fiik g (4.8)
I+ %% Atb52) Ui e = Uk (4.9)
(r+ 2, —%6’6 m =ty (4.10)

In eachsub-step,the equationsshould be assembledalong either z, y, or z directions
dependingon the natureof the spatial operators. For example, in the first step, the spatial
operatorss, andé2 acton the z direction, so all equationsalong that directionin Equation
4.8, correspondingo differenti-index values; = 1,---, NI + 1, shouldbe assembledo form
a systemof equationswith a tri-diagonalcoeficient matrix. Similarly, equationsorresponding
to differentj-index values,; = 1,---, NJ + 1, in Equation4.9 anddifferentk-index values,

k=1,---,NK +1, in Equation4.10shouldbeassembledThis leadsto threesetsof algebraic

equations:
* At n+1 n .
Acj, = Hck-l-?(f +1f%), i=1---,NJ+1, k=1,---,NK +1,(4.11)
Acjp=cjy, i=1,--,NI+1, k=1,--,NK+1, (4.12)

ACZ;,H c]k)’ ’L.:]_’--.’NI+1, j:l,...’NJ+1' (413)
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The computationgo solve thesesystemsof equationswithin eachsubstepareindependento
eachother For example thereare(NJ +1) x (NK + 1) system®f equationsn Equatiord.11
that canbe solved concurrentlyby differentprocessorsSimilarly, the (NI + 1) x (NK + 1)

equationdn Equation4.12 canbe solved concurrentlyonceall Cik hasbeencalculated.This
makes parallelizationof the algorithmfairly straightforvard, particularlyin a sharedmemory

programmingnemoryervironment[32, 65]. Thefollowing is the structureof the parallelcode:
0. Datainputandinitialization

1. Fortimestepn =1,---, N

2. Solve (NJ +1) x (NK + 1) system®f equationsn Eq. (4.11)concurrently
3. Solve (NI +1) x (NK + 1) systemsf equationsn Eqg. (4.12)concurrently

4. Solve (NI + 1) x (NJ + 1) systemof equationsn Eq. (4.13)concurrently
5. Endtime steppingoop

6. Output

The straightforvard parallel implementationfully utilizes the parallel resourcesfrom
the approximatefactorizationADI method, by distributing systemsof equationsevenly for
processordo solve concurrently Since solving eachequationin the systems4.11 to 4.13
consumesnearly the sameamount of computationaltime, this parallel implementationis
load-balanced. The major concernto improve the performancelies in minimizing the
communicationsamong processors. Most communicationshappenwhen the computational
resultsget synchronizedafter eachtime step. Sections4.2 and 4.3 addresshow to minimize

thesecommunications.

4.2 Mapping Parallel Algorithms to Architectures
An successfuparallelimplementatiorshouldnotonly chooseheoptimalparallelalgorithm,

but alsomapthe algorithmto properparallelarchitecturd66, 67]. After exploiting the parallel
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Figure4.1: Sharednmemoryervironment.

resourcesrom computationaintensive ADI methodat the parallelalgorithmlevel, this section
discusseghe characteristicof parallel systemand mapsthe parallel algorithm to parallel
environmentat the systemarchitecturdevel.

Therearetwo differentkindsof parallelcomputingarchitecturesiccordingo theprocessor
memoryarchitecturethesharednemoryervironmentandthedistributedmemoryervironment.
In the sharedmemoryprogrammingervironment(Figure 4.1), programmergreatthe parallel
programas a collection of processesccessinga central pool of sharedvariables. Thereis
no needto transferdataamongprocessors. In the distributed memory or message-passing
programmingervironment(Figure4.2), programmerdreatthe parallelprogramasa collection
of processewith privatelocal variablesandmanagehe datatransmissioramongprocesseby
passingmessagesEachprocessoistoresits local datacopy, and sendsor receves datafrom
otherprocessors.

Differentparallelalgorithmsadaptto different parallel computingervironments. In order
to obtaina high performancesolution, the straightforvard parallelADI implementatiorshould

applyits suficient exploitableparallelismto suitablesystemarchitecture Althoughthe parallel
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ADI methodcontainsenoughparallelismfrom the independentoopsinside the algorithm, it
requireseachprocessoto accesgylobaldatain the computationalomainat eachsub-stepdue
to thedirectionalternationduring eachiteration(time step).

For examplein Figures4.3 to 4.5, the computationaldomainis divided evenly to two
processorgerpendicularto the X direction. For the sub-stepswhile computingdirections
are parallelto the cutting plane (along X directionin Figure4.3 andY directionsin Figure
4.4), processorenly needfew updatedboundarydatanearthe cutting planefrom eachother
However, whenthe computationswitchto the X directionat the third sub-stepcompletedata
exchangesamongprocessorarenecessarasshavn in Figure4.5.

Applied in distributed memory ervironments, the straightforvard parallel ADI
implementatiorshoulddistribute and gatherglobal dataat eachsub-step. The corresponding
communicationoverheadcould dominatethe computationcosts. Sinceall the processorsn
the sharedmemoryernvironmentaccesghe global datafrom the centralmemorypool, no data
exchanges needecamongprocessorat eachsub-stepThereforethe communicatioroverhead
causedby distributing and gatheringglobal information is minimizedin the sharedmemory

environment.
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In conclusionthe sharedmemoryervironmentis the optimal optionfor the straightforvard
ADI parallel implementation. In the shared memory ervironment, the same parallel
implementationcould achieze much more performancegain thanin the distributed memory
ernvironment. In this researchthe characteristicef the parallelalgorithmdeterminethe choice
of parallelarchitecture.The straightforvard parallel ADI algorithmis choserfirst, hencethe

sharednemoryparallelervironment.

4.3 OpenMP Parallelization on Shared Memory Environments

After exploiting the parallelismat the algorithmandarchitecturdevels, developersneedto
chooseproperparallelprogrammingools. OpenMPand MessagePassinglnterface (MPI) are
two popularparalleltoolswith distinctcharacteristics.

OpenMPR anindustry standardAPI for sharedmemoryprogrammingjs basedon multiple
threads,using the fork-join model (Figure 4.6) of parallel executionin the sharedmemory
environmentg20]. A sharednemoryprocessonsistof multiplethreads An OpenMPprogram
startsrunning as a single thread: the masterthread. The masterthreadexecutessequentially

until thefirst parallelregion constructis encounteredThe parallelregion containsthe parallel
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Figure4.6: Fork-join modelin OpenMP

resourcessuchasindependentoopsin the program. The masterthreadthencreatesor “fork”
ateamof parallelthreadswhich run concurrentlyin the parallelregion with the programcode
duplicated.After thewholeteamof parallelthreadscompletetheir execution,they synchronize
andterminate,or “join” together leaving only the masterthreadstill running. This fork-join
procedurecontinuesuntil all the computationdinish. OpenMPis favored by developerswho
needto quickly parallelizeexisting scientificcode. The datastructuresn the parallelprograms
do not needto be partitioned,and all the processorsan accessthe central pool of shared
variables.

MPI is a portable,widely available, and acceptedstandardprimarily for the distributed
memoryervironment,in which programmerview their programsasa collectionof processes
with privatelocal variablesandtheability to sendandreceve databetweerprocesseby passing
messagef68]. Processorsisetheir local variablesandsendor receve dataamongeachother
MPI requiregheprogramdatastructurego beexplicitly partitioned sothattheentireapplication
mustbe parallelizedto work with the partitioneddatastructures.MPI is alsosupportedn the
sharednemoryenvironmenttoo. Thefollowing comparisorexplainswhy OpenMPis preferred
ratherthanMPI in thisresearch.

The OpenMPparallelismis mainly specifiedthroughthe useof compilerdirectives, which
areimbeddedin the C/C++ or FORTRAN sourcecode. This feature,not provided by MPI,
supportsncrementaparallelizatiorof anexisting sequentiaprogramandmalesparallelization

quick andeasy Instead,developershave to rewrite the sequentiacodecompletelyin orderto
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Table4.1: OpenMPvs. MPI.

OpenMP MPI
Compilerdirectives Functionsor subroutines
Incrementaparallelization Coderewrite completely
Simple Complicated
Threadnumberchangeable Processiumberset
Flexible Not flexible
SPMD andsharedvariables only SPMDmode
Sharednemoryervironment | Distributedmemoryervironment

parallelizethemusingMPI subroutines OpenMPcandynamicallyalter the numberof threads
which may be usedto executedifferent parallel regions. This featurehelps utilize system
resourcesmore efficiently. MPI could not supportthis feature,and requiresthe numberof

parallelprocessorsetconstanteforerunningthe program. In OpenMR both single program
multiple data(SPMD) and datasharingare supported. The parallelregions permit the thread
teamto executethe sameprogramcodewith duplicateddata,while controlling whetheror not

somespecialdatais sharedor private. However, currentversionof MPI primarily supports
SPMD, in which datais explicitty communicatedwvithout sharing. Although MPI programs
canalsorun in sharedmemoryervironmentsthey wastemore memorystoragethan OpenMP
programsasagenerakule [68, 69].

Theflexibility andsimplicity of OpenMPcomparedo MPI canbe shavn from the simple
programgo computeghesumof anarray TheOpenMPparallelcodejustneedgo addacompiler
directive beforethe parallelregion, without changingthe datastructureor flow controlin the
sequentiatode.Programmersnly needo find theindependenibops,or parallelregions,inside
thesequentiatode.This“incremental’parallelizatiorallows programmerso specifytheshared
andprivatevariablesin the parallelregion togethemith globalreductionoperationsTherefore,
the incrementalOpenMPparallelizationis desirableespeciallyfor the legag/ code,written in
C or FORTRAN, to be simply and quickly parallelized. On the contrary the MPI parallel

codesrequiredatastructurego be partitionedexplicitly. Sincethe programflow is controlled
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/* sequential programto conpute array sum*/
#i ncl ude <stdio. h>

void main() {

int i, n;
float *array, sum

printf("please input the array size:"),;
scanf ("%", &n);

array = (float *)mall oc(sizeof (float)*n);

printf("please input the whole array:");
for (i=0; i<n; i++)
scanf ("% ", &array[i]);

sum = 0. 0;
for (i=0; i<n; i++)
sum += array[i];

printf("the summation is: %", sum;

Figure4.7: Sequentiaprogramto computearraysum

explicitly for differentprocessorsthe whole logic becomesnuch more complicatedthanthe

sequentialcode. Local variablesare passedamongprocessorso asto realize datasharing.
The datadistribution andgatheringareimplementednanually ratherthanautomaticallyin the

OpenMPparallelization.Therefore programmer®ften needto re-desigrthe whole sequential
codeduringthe parallelization.

The propertiesof a problem,including the parallelalgorithmto solve the problem,arethe
determiningfactorsto choosethe paralleltools. In this researchOpenMPis a betterchoice
thanMPI to parallelizethe approximatefactorizationADI method. Sincethe straightforvard
parallel ADI algorithmneedsglobal dataat eachsub-stepthe sharedmemoryervironmentis

choseraccordinglyto realizethe parallelimplementation.Due to its simplicity andflexibility,
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/[* OpenMP paralle programto conpute array sum */
#i ncl ude <stdio. h>

void main() {

int i, n;
float *array, sum

printf("please input the array size:");
scanf ("%", &n);

array = (float *)mall oc(sizeof (float)*n);

printf("please input the whole array:");
for (i=0; i<n; i++)
scanf ("% ", &array[i]);

sum = 0. 0;

#pragnma onp parallel for private(i) \
shared(n, array) reduction(+: sunj
for (i=0; i<n; i++)
sum += array[i];

printf("the summation is: %", sum;

}

Figure4.8: OpenMPparallelprogramto computearraysum

OpenMPis thebestchoiceto implementhestraightforvard parallelADI algorithmin theshared
memoryenvironment. The incrementafeatureof OpenMPallows developersto parallelizethe
sequentialprogramsavailable with the leastamountof changes. The ADI methodcontains
plentyof independenhestedoops,which arethe parallelregionsfor the programmerso apply
OpenMPdirectiveswithout changingdatastructuresor flow controlsin the sequentiatode.
Because of the popularity of distributed memory computing ervironment [68],

parallelizationusing MPI with relatively complicated(not straightforvard) but still efficient
ADI parallelalgorithm[32] remainsanoptionaltopicin thefutureresearchActually, OpenMP

canevenwork togetherwith MPI, becausecurrentparallel computingervironmentsare often
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/* MPI parallel programto conpute array sum */
#i ncl ude <stdi o. h>
#i ncl ude "npi. h"

void main(int argc, char *argv[]){

int i, n, rank, nprocs;
float *array, *tnparray, sum tnpsum

MPI I nit(&argc, &rgv);
MPI _Comm r ank( MPI _COVM WORLD, &r ank) ;
MPI _Comm si ze( MPI _COVM WORLD, &npr ocs) ;

i f (rank==0) {
printf("please input the array size:");
scanf ("%", &n);

array = (float *)mall oc(sizeof(float)*n);
printf("please input the whole array:");
for (i=0; i<n; i++)
scanf ("% ", &array[i]);

}

trmparray = (float *)malloc(sizeof (float)*n/nprocs);
WPl _Bcast (&n, 1, MPI _I NT, 0, MPI _COVW WORLD) ;
WPl _Scatter(array,n/ nprocs, VPl _FLQOAT, t nparr ay, n/ nprocs, MPl _FLOAT,
0, MPI_COVM WORLD) ;
tmpsum = 0. 0;
for (i=0; i<n/nprocs; i++)
t mpsum += tnparray[i];
MPI _Reduce( & npsum &sum 1, MPI _FLOAT, MPI _SUM 0, VPl _COVM WORLD) ;

i f(rank==0){
printf("the summation is: %", sum;

}

MPI _Finalize();

Figure4.9: MPI parallelprogramto computearraysum
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composedof distributed computingnodes,eachof which containsmultiple processorawvith
sharedmemory architecture. In conclusion, OpenMP is favored in this researchdue to
its simplicity, flexibility, and the problem property of straightforvard parallel approximate

factorizationADI method.

4.4 Performance Experiments
Numericalexperimentsaretakento testthe performancef the straightforvard parallelADI
implementationin the sharedmemoryervironment. The key in the OpenMPparallelization
is to identify the most computationaintensve andindependentoops, and determineshared
or private variablesin the sequentiatode. To evaluatethe scalability of the parallelcode,we
calculatespeedupsy dividing the executiontime for solvinga givenproblemon oneprocessor

by the executiontimeson multiple processors.

8
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Figure4.10: Speedugurvesusingafixedgrid of 256 x 256 x 256 with differentnumberof time
stepsl, 2, and4. It is clearthatincreasinghe numberof time stepsdoesnot affect
thespeedup.

Figure4.10shaws the speedugurvesobtainedusingan SGI Origin2000parallelcomputer

with 8 processorsThegrid sizeis 256 x 256 x 256. Threecasesarereportedusingl, 2, and4
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Figure4.11: Speedugunesusingdifferentgridswith the samenumberof time steps.lt is clear
thatincreasinghesizeof the grid alsoincreasahe speedup.

time stepsrespectiely. It is clearfrom the figure thatrunningmoretime stepsdoesnot change
the speedugurve. This is not surprisingsincethe parallelizationwasdonewithin a time step.
The measuredspeedugs very closeto the ideal speedupwhich indicatesthat the algorithm
discussedhereis very scalable.

Figure4.11shaws the speedupurves obtainedon the samecomputerusing differentgrid
sizes,.e. 64 x 64 x 64, 128 x 128 x 128, and256 x 256 x 256. Fourtime stepsareusedin all
caseslt is clearfrom thefigurethatthe speedupmprovesasthegrid sizeincreasesThisis due

to theincreaseadcomputation/communidan ratio with increasedrid size.



CHAPTERV
RESULTSAND ANALYSIS

Theweb-basedRTM simulationgrovide scientistaanalternatve wayto tracecontaminant
movementin soils outside laboratories. The numerical solution experimentsand parallel
performancexperimentsveretaken andanalyzedn Chapterl andlV. This chapteranalyzes
several transportandretentionscenariosisingweb interfaces,andaddressethe advantageof
web-basedsystemintegration. The JNI-basedclient-sideone-dimensionaMRTM simulation
systemis demonstratedirst, and then the J2EE-basedhree-dimensionaMRTM enterprise

simulation.

5.1 One-dimensionalMRTM Experiments

To demonstratethe JNI-basedweb interface on a hypothetical one-dimensionalsoil
contaminationproblem, the following scenariowas analyzed. A contaminant-freesoil layer
of 25 ¢m depth,having a volumetric moisturecontentof 0.4 ¢cm?/cm?® and1.25 g/cm? bulk
density recevedaloadof adilutedcontaminantX during20 consecutie hours.Thedispersion
coeficient of waterin the soil wasestimatedo be 1 cm? /hr.

The compound-soilinteraction was investigatedin the laboratory [4, 5] revealing the
following setof parametersk, = 1.0cm? /g (distribution coeficient), N EQ = 0.75(Freundlich
parameter)k; = 0.10 hr~' (forward kinetic reactionrate),k; = 0.10hr~! (backward kinetic
reactionrate),UU = 0.5 (non-linearkinetic parameter)ks = 0.10hr~! (forwardkinetic reaction
rate),k, = 0.01hr—! (backward kinetic reactionrate), W = 0.5 (non-linearkinetic parameter),
ks = 0.01hr—! (forward kinetic reactionrate), ks = 0.1 hr—! (backward kinetic reactionrate),
ks =0.001(irreversiblereactionrate).

The objectve wasto determinewhich combinationsof solute concentration(input pulse)

andwaterflux will provide thelowestconcentrationsifter 10 hoursof contaminanapplication

91
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Figure5.1: Solute irreversible sorbedin the soil. (a) Model estimationsof the maximum
amountsof soluteirreversibly sorbedin the soil after 10 hoursof a 20-hourinput
pulseof contaminantunderseveral combinationof input pulseconcentrationsind
waterfluxes. (b) After atotal of 100hours(80 additionalhoursof waterapplication)
the maximumamountgemainat the samevalues.

andafter onehundredhoursof washingthe soil with wateralone(thetotal 100 hrsincludethe

initial 10 hrsof applicationof thecontaminant) Sincethe concentrationghroughthesoil profile

will bedifferent,only themaximumconcentrationareto be monitored.Thelocationin the soil
profile (of thosepeakconcentrationsyvasalsorequired. Theinput pulseconcentrationsalues

will be:5,10,15,20and25mg/L, combinedwith thefollowing waterflux values:1, 2, 3,4, 5

c¢m/hr, giving atotal of 25 scenarios.

Figures 5.1 and 5.2 summarizethe results provided by the web-basedsimulation
environment. Thesetwo chartsresultedfrom post-processingf the numericalresultsdisplayed
by the interfacein the form of concentration-deptiurves. The resultscorrespondingo the

soluteirreversibly sorbedin the soil shaved that the maximum concentrationsvere always

locatedat the top of the soil profile anddecreasea@lmostlinearly to negligible amountsat the
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Figure5.2: Maximum concentrationgn solution. (a) After 10 hoursof the 20-hourinput pulse
the maximumconcentration®f the dissolhed solutein soil arealmostequalto the
concentration®f the input pulse. (b) Solution concentrationsfter 100 hoursare
lower than0.3 mg/ L regardlessof the input pulseconcentration.For waterfluxes
greatetthan3 em/hr, themaximumconcentrationarelower than0.1mg/ L for all
theinput pulseconcentrations.

bottomof the soil layer The maximumconcentration®f soluteirreversibly sorbedin the soill
for all the scenariosafter 10 and 100 hours,are shavn in Figure5.1. The figuresshaw that
the soluteis uniformly sorbedthroughthe experiment. Washingdown the soil would notbean
effective remediatiormeasureThe concentrationsf sorbedsolute ,however, arelower than0.2
mg/kg in all cases.

Peakconcentrationof the solutein solution were estimatedto be locatedat the top of
the solil profile after 10 hoursof contaminantapplication. Thosevaluesdecreasedmoothly
up to negligible amountsat the bottom of the profile. For all the scenariosanalyzed,the
maximumconcentrationgfter 10 hours(Figure 5.2 a) werealmostidenticalto the input pulse

concentrations After 100 hundredhours,the peakconcentrationsvere estimatedo be at the
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bottom of the soil profile, with the top sectionsbeing almostcontaminant-free.Figure5.2 b
shawvs thatfor high waterfluxes(3 to 5) the maximumconcentrationarelower than0.1mg/ L,
regardlesof theinput pulseconcentration.

To summarizethe one-dimensionaMRTM model estimatesthat a soil layer with the
physicaland chemicalconditionsspecifiedby the input datagiven here,will uniformly and
irreversibly retain contaminantX in amountslower than 0.2 mg/kg, regardlessof the input
pulseconcentratior(rangingfrom 5 to 25 mg/L). Similarly, after 80 additionalhoursof water
flowing throughthe soil, waterfluxeshigherthan3 c¢m/hr resultin concentrationdower than
0.1mg/L exiting atthe bottomof thesoil layer

The JNI-based simulation system efficiently allows the reuse of legag code and
computationakernelswrittenin Fortranor C througha Java/Cinterfacethatincludesweb-based
SwingfeaturesandJNI. The useof a C-Fortraninterfaceto build a sharedor dynamic)library
andovercomelNI’'s inability of usingFortrancodedirectly is alsoprovento be successful.

Thealmostinstantaneousisualizationprovided by thewebinterfaceresultedn anefficient
and easyanalysisof a hypotheticalsoil contaminationproblem. This simulation systemis
more appropriatefor fastexplorationof scenariosand provides numericaloutput(alongwith
visualizationwith the Java interface) for more detailedanalysis. Web-basedeaturesenable
userdgo obsenre chemicalreactionresultsfollowing changesn variousparameterandto easily

identify trendsandpatterndrom computationasimulation.

5.2 Three-dimensionaMRTM Verification
Since laboratory experimentsare difficult to implementfor three-dimensionathemical
transportandretention,this researclcompareghe three-dimensiondIRTM numericalresults
with theone-dimensiondVIRTM numericalresults soasto verify thecorrectnessf the MRTM
modelextensionto thethree-dimensionalomain.To createcomparableesults,a nominalcase
wasanalyzedn which all spatialandtemporalvariablesandparameteraresetto arangeof 0 to

1. This normalizationstepprovidesmeango compareaesultsavoiding the dimensionahnalysis
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that is usually involved. To performthe comparisonthe contaminantconcentration(sota)

depthcurvesareplottedin the verticaldirectionfor the following two scenarios.

5.2.1 Casel

A nominalcontaminant-fresoil layer of 1 ¢m depth,having a volumetricmoisturecontent
of 0.4cm?/em? and1.25g/cm? bulk density recevedaloadof adilutedcontaminantX during
1 hour Thedispersiorcoeficientin theverticaldirectionwasestimatedo beO.Olcm2/hr, and
thewaterflux 1 cm/hr.

The following set of compound-soilinteractionparametersvere used: k; = 1.0 em?/g
(distribution coeficient), N EQ = 1.1 (Freundlichparameter)k; = 0.01hr—! (forward kinetic
reactionrate), ko = 0.02 hr—! (backward kinetic reactionrate), U = 1.3 (non-linearkinetic
parameter)ks = 0.01 hr~! (forward kinetic reactionrate),k, = 0.02hr~! (backward kinetic
reactionrate),W = 1.2 (non-linearkinetic parameter)ks = 0.01hr~! (forwardkinetic reaction
rate),ks = 0.02hr—! (backwardkinetic reactionrate),k, = 0.005(irreversiblereactionrate).

Figuresb5.3,5.5,5.7,5.9,5.11,and 5.13 shaw the six-phaseresultsgeneratedy the 1-D
MRTM modelfor tenconsecutie time stepgwith timeincremen®0.1hr). Theone-dimensional
computationagridsare320 in spaceand2500 in time domain.Figures5.4,5.6,5.8,5.10,5.12,
and5.14shav thesix-phaseesultsgeneratedby the 3-D MRTM modelfor tenconsecutie time
steps.Thecomputationagridsare10 x 10 x 80 in spaceand20 in time.

As showvn in Figure 5.3, the one-dimensionaMRTM model predictsthat the contaminant
concentratiorin the soil solutionis almostnull at a nominaldepthof 0.1 after onetime step.
After tentime steps,the contaminantoncentratioralmostdisappearst 0.8 of nominaldepth.
The concentration-deptvaluesthroughthe soil profile, for all time-stepsdecreasesmoothly
from 1.0 (at the top soil layer) to zero. The curvesare of sigmoidalshapemeaningthat the
fastestoncentratiordepletionoccursat the middle soil layers. The modelpredictsthatthe top
soil layerswill besaturatedvith the contaminanfor time-stepsgt to 10from 0 to 0.5 of nominal

depth.Eventhefirst threetime stepsshav saturatiorat smallerportionsof top soil layers.
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As shawvn in Figure 5.4 of the three-dimensionaMRTM simulation, the contaminant
concentratiordepletiondoesnot occurup to 0.2 of nominaldepthafter 1 time-step. After ten
time-stepsthe contaminantoncentratiordisappearat around0.8 of nominaldepth. For most
of thetime-stepstheconcentration-deptcureis of asigmoidalshapéout theslopeof thelinear
portionof the curve (correspondingo the middle soil layers)is lessstrongthanthe slopeof the
1-D MRTM simulation. This meansthatthe 3-D MRTM estimateghat the middle soil layers
arelessefficient in retainingthe contaminanthencethe soil solution carriesthe contaminant
further down the soil depth. The first threecurves are of an exponentialshapemeaningthat
the middle soil layers,initially devoid of ary solutepresencearevery efficientin retainingthe
contaminant.This efficiency decreaseastime goeson. Thetop layersshav that,in almostall
casesmaximumeconcentrationin the soil solutiondoesnot reachtotal saturation. The model
predictsthatthosesoil top layerswill only be partially saturatedvith the contaminangfterthe
third time-step(greaterthan90 % saturationfrom O to 0.3 of nominaldepth.

The 3-D model usesrather coarsecomputationalgrids than the 1-D model, in order to
decreasghe computations.However, the resultsfrom both modelsstill seemto be consistent,
andreflectthe accurag of the 3-D model. The concentrationgstimatedoy the 3-D MRTM
seento reflectbetterthe actualphenomenainceit shavs thatimmediatesaturationof the top
soil layersdoesnot occur (this would occuronly if flow anddispersionin the top horizontal

planeswould have unrealistichigh values).

5.2.2 Case2
Another numericalsimulationcomparisonis take to reveal how the kinetic reactionrate,
dispersioncoeficient, andbulk densitywill affect the chemicaltransportandretention,with a
differentsetof parameters.
Thenominalcontaminant-fresoil layerof 1 ¢m depth having avolumetricmoisturecontent
of 0.4¢em?/em3 and1.1g/em? bulk density recevedaloadof adiluted contaminantX during
1 hour Thedispersiorcoeficientin the verticaldirectionwasestimatedo be O.lcm2/h7", and

thewaterflux 1 cm/hr.
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The following set of compound-soilinteraction parametersvas used: kq = 3.0 em?/g
(distribution coeficient), NEQ = 1.1 (Freundlichparameter)k; = 0.1 hr—! (forward kinetic
reactionrate), k; = 0.2 hr~! (backwvard kinetic reactionrate), U = 1.3 (non-linearkinetic
parameter)ks = 0.02 hr—! (forward kinetic reactionrate), k, = 0.04hr~! (backward kinetic
reactionrate), W = 1.2 (non-linearkinetic parameter)ks = 0.02hr—! (forwardkinetic reaction
rate),ks = 0.04hr—! (backwardkinetic reactionrate),k, = 0.01(irreversiblereactionrate).

Figures5.15,5.17,5.19,5.21,5.23,and5.25shav thesix-phaseesultsgeneratedby the 1-D
MRTM modelfor tenconsecutie time stepgwith timeincremen®0.1 hr). Theone-dimensional
computationabridsare 320 in spaceand2500 in time domain. Figures5.16,5.18,5.20,5.22,
5.24,and5.26shawv thesix-phaseaesultsgeneratedby the 3-D MRTM modelfor tenconsecutie
time steps.The computationagridsare10 x 10 x 80 in spaceand20 in time.

Case2 increaseshedispersiorcoeficient from 0.01cm? /hr to 0.1c¢m? /hr, anddecreases
the bulk densityfrom 1.25g/cm3 to 1.1 g/cm?. As shawn in Figures5.15(1-D) and5.16 (3-
D), the concentration-deptiraluesthroughthe soil profile, for all time-stepsdecreasemoothly
from top soil layerto bottom. The cuneshave morelinearshapeendenyg thanthosein Casel.
Thereis lesssaturatiomat top layersthanCasel too. Thesgphenomenaanbe explainedby the
effectsof strongdispersiorandloosesoil densityproperties.

Case2 alsoincreaseghe kinetic reactionrates,and causesmuch strongerretentionsthan
Casel. Theretentiontrendsarereflectedfrom Figures5.19,5.21,5.23,5.25for 1-D casesand
Figures5.20,5.22,5.24,5.26 for 3-D cases. Similarly to Casel, the 3-D model usesrather
coarsecomputationalgrids thanthe 1-D model, in orderto decreasehe computations. The

resultsfrom both modelsstill seemto be consistentandreflecttheaccurag of the 3-D model.

5.3 Contaminant Trace with Three-dimensionaMRTM Simulation
Oneof theimmediateapplicabilitiesof the three-dimensionallRTM modelis to simulate
adwection and dispersionof contaminantsn soil columnswith low permeabilityand strong
retentionmechanisms.In thosecasegshe contaminantwould not be expectedto travel to the

lowestlayersof thesoil profile very soon.Whenthetracecompounds hazardouge.g.,a heary
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metal suchas mercury), it is also necessaryo monitor the spatial distribution and amounts
of very low concentrations.The current3D-MRTM visualizationprovides a efficient means
to track thosetypes of compounds,simulating the resultsfrom different contaminant-input
conceptualizations

Thefirst scenariacconsistof alocalizedcontaminantoad (pointsource)ocatedatthecenter
of thetop soil columnlayer(point sourcecontaminantnputsmaysimulatelocalizedleakage ®f
chemicalson the surfaceof the earth). The secondsimulationconsistsof a linearly distributed
contaminantoad(line source)verthetop surfaceof asoil column.Line sourcesarecommonly
usedin groundvatercontaminatiorproblemsg[70]. Additionally, a two-pointsourcesimulation
is includedfor purpose®f comparison.

The contaminantchosenfor this applicationis a trace compoundsuchas mercury (Hg).
TheEnvironmentalProtectionageng [71] setsthe CriteriaMaximumConcentratiofCMC) for
mercuryin freshwaterat 1.4 g/ L, andthe Criterion ContinuousConcentratio(CCC)at0.77
pg/L. Giventhethreetypesof contaminansourcesavailablein 3D-MRTM, this application
seeksto know how differentthe threedimensionaldistribution of the contaminan{(in the soil
solution)would be for eachof thoseinput sources.

In all simulations,the columnconsistsof a contaminant-freesoil of 1 ¢m depth,having a
volumetric moisturecontentof 0.4 cm?3 /em?® anda bulk densityof 1.25g/cm3. It recevesa
loadof Img/L (i.e.,1000ug/L) of Hg in solutionduring1 hour Thedispersiorcoeficient of
the agueoussolutionin the soil is isotropicandestimatedo be 0.01¢m?/hr in all directions.
TheDargy flux (em/hr) is anisotropiawith: ¢, =0.0¢m/hr, ¢, =0.0¢cm/hr, g, = 0.05¢m /hr
for symmetricconcentratiordistribution on XY cuttingplanesandg, = 0.1cm/hr, g, = 0.15
cm/hr, g, = 0.1em/hr for asymmetricconcentratiordistribution on XY cuttingplanes.

The compound-soiinteractionis reflectedin the following parametersik,; = 1.0 em?/g
(distribution coeficient), NEQ = 1.1 (Freundlichparameter)k; = 0.01hr—! (forward kinetic
reactionrate), k; = 0.02 hr—! (backward kinetic reactionrate), U = 1.2 (non-linearkinetic

parameter)ks = 0.01 hr—! (forward kinetic reactionrate), k4 = 0.02 hr—! (backward kinetic
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reactionrate), W = 1.3 (non-linearkinetic parameter)ks = 0.01hr—! (forwardkinetic reaction
rate),ks = 0.02hr—! (backwardkinetic reactionrate),k, = 0.005(irreversiblereactionrate).

The spatialsizeof the grid usedfor all simulationswas23 x 23 x 23, andthetime domain
is divided into 10 steps. Cutting (sliding) planesfrom number0 to 22 in threedirectionsare
usedby the modelto shawv the spatialdistribution of the concentrationn shadesof gray (the
maximumconcentratiorcorrespondso black). Additionally, the modelprovidesthe maximum
concentratiorvaluesandthe positionof theplanein X (transerseplane),Y (longitudinalplane)
or Z (horizontalplane)directions.X-directionis thedirectionof thearrav thatpointsto theright
of thereader Y-directionis thedirectionof thearrav thatpointsto thereadelin thehorizontal
plane.Z-directionis thedirectionof the arrown thatpointsdovnwards.

Thethree-dimensionallistribution of the contaminantoncentratiorfor the point sourceis
shavnin Figuress.27to 5.38usingcuttingplanedn differentdirections.At thetop (Figuress.27
to 5.29),the maximumconcentrations clearly equalto theinput sourceconcentratior{lmg/L
Hg). Two setsof anisotropicadwection coeficients are appliedwith the samesetof isotropic
dispersioncoeficients. Figures5.30to 5.32 shawv that the concentratiorloadsare distributed
symmetricallyaroundthe point source pecaus¢headvectionin X andY directionsaresetnull.
Figures5.33to 5.38shaw thatthe concentratioloadsmove smoothlyfrom the centerto corner
dueto the effect from adwectionin X andY directions. The maximumconcentratiorat cutting
plane6 in Z directionattime step2 (0.0009mg/ L in Figure5.35)is belav the CCM andCCC
criteriafor Hg, whichis 0.0014mg/ L (1.4 ug/L). While themaximumconcentratiorat cutting
plane21in Y directionattime step10 (0.0043mg/ L in Figure5.37)is above both CCM and
CCcCecriteria.

Thetransportassociatedavith aline sourceof contaminants alsostudiedfor the samedata
set (anisotropicmedia, isotropic dispersion). Figures5.39 to 5.50 provide numericaldetails
of the simulation(maximumconcentratiorvalue),andshav thethree-dimensionatontaminant
distribution with differentcuttingplanesn threedirections.At thetop (Figuress.39t0 5.41),the

maximumconcentratioris clearly equalto theinput sourceconcentratior{lmg/L Hg). Figures
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Figure5.29: Pointsource:max1 mg/ L, time stepl, cuttingplane0 (Z).
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Figure5.32: Pointsource:max0.0032mg/ L, time step10, cuttingplane6 (Z).
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Figure5.35: Pointsource:max0.0009mg/ L, time step3, cuttingplane6 (Z).
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Figure5.38: Pointsource:max0.0005mg/ L, time stepl10, cuttingplanell (Z).
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Figure5.41:Line source:max1mg/ L, time stepl, cuttingplane0 (2).
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Figure5.44:Line source:max0.0181mg/ L, time step10, cutting plane6 (Z).
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Figure5.47:Line source:max0.0014mg/ L, time step2, cutting plane5 (Z).
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Figure5.50: Line source:max0.0015mg/ L, time step10, cuttingplanell (Z).
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5.42to 5.44 shawv that the concentrationoadsare distributed symmetricallyaroundthe line
source becausd¢headwectionin X andY directionsaresetnull. Figures5.45to 5.50shav that
the concentrationoadsmove smoothlyfrom the centerto right, dueto the effect from adwection
in X andY directions. The migrationof the contaminantoncentratiorfor the line sourcehas
a wider distribution in the horizontal(Z) andtranswersal(X) cutting planes. The contaminant
concentrationustmeetsthe CCM andCCC criteriaat cuttingplaneb in Z directionattime step
2(0.0014mg/ L in Figure5.47),while violatesbothcriteriaat cuttingplanellin Z directionat
time step10 (0.0015mg/ L in Figure5.50). This meanghatthe solutehastraveleddeepeiinto
thesaoil.

The simulation resultsfor the two-point source (Figures5.51 to 5.62), with the same
anisotropicmedia and isotropic dispersion,are similar to the one-pointsourcecasein the
longitudinal and horizontal cutting planes. At the top (Figures5.51to 5.53), the maximum
concentrationis clearly equalto the input sourceconcentration(lmg/L Hg). Figures5.54
to 5.56 shaw that the concentratiorloadsare distributed symmetricallyaroundthe two point
sourcesbecaus¢headwectionin X andY directionsaresetnull. Figures5.57to 5.62shav that
theconcentratiomoadsmove smoothlyfrom thecenterto corner dueto theeffectfrom adwection
in X andY directions.Themigrationof the contaminantoncentratiorior thetwo-pointsources

alsoshawvs awider distribution thanthe one-pointcase.

5.4 Three-dimensionaMRTM Simulation for Macro-porosity Soil Applications

The3D-MRTM modelis alsomodifiedaccordingto the algorithmdetailedin [72], soasto
estimatehetransporiof contaminantsn soilsthatpresenmacro-porosityi.e., conduitsthatare
dueto cracksin the soil continuumthat promotespreferentiaflow throughthe soil. It is a first
approachor modelingchemicalspeciedgransportdueto non-uniformflow andtransport,and
demonstratethe advantageof the three-dimensionadilRTM modelover the one-dimensional
model.

In orderto comparethe results the experimentsor chemicaltransportin soilswith macro-

porosityfollow thesimilarscenaridn Sections.4. Thecontaminanthoserfor thisapplicationis



121

Figure5.53: Two-pointsource:max1 mg/ L, time stepl, cutting plane0 (2).
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Figure5.56: Two-pointsource:max0.0032mg/ L, time step10, cutting plane6 (Z).
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Figure5.59: Two-pointsource:max0.0004mg/ L, time step2, cuttingplane5 (Z).



124

Figure5.62: Two-pointsource:max0.0002mg/ L, time step10, cuttingplanell (2).
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mercury(Hg), andline-sourcecontaminantoadis appliedon thetop surfaceof the soil column.
The column consistsof a contaminant-freesoil of 1 ¢m depth,having a volumetric moisture
contentof 0.4 cm3/em? anda bulk densityof 1.25g/cm3. It recevesaload of 1mg/L of
Hg in solutionduring 1 hour The dispersioncoeficient of the aqueoussolutionin the soil is
anisotropic: D, = 0.01¢m? /hr, Dy, = 0.01cm? /hr, and D, = 0.05c¢m?/hr. The Dargy flux
(cm/hr) is alsoanisotropicig; =0.1cm/hr, gy = 0.15¢m /hr, ¢, = 0.1cm/hr. Theanisotropic
dispersionand convection coeficientswill causeasymmetricconcentratiordistribution on the

resultcutting planesin differentdirections.

Figure5.63: Conduitsin the soil column.

The macro-poroupropertyareshavn in Figure5.63with the conduitsdueto the cracksin
soils. The compound-soilnteractionis reflectedin the following parametersky = 1.0 cm3 /g
(distribution coeficient), NEQ = 1.1 (Freundlichparameter)k; = 0.01hr—! (forward kinetic
reactionrate), ko = 0.02 hr—! (backward kinetic reactionrate), U = 1.2 (non-linearkinetic
parameter)ks = 0.01 hr—! (forward kinetic reactionrate), k, = 0.02hr~! (backward kinetic
reactionrate), W = 1.3 (non-linearkinetic parameter)ks = 0.01hr~" (forwardkinetic reaction

rate),ks = 0.02hr—! (backwardkinetic reactionrate),k, = 0.005(irreversiblereactionrate).
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-~

Figure5.66: Macro-porosity:max0.0037mg/ L, time step2, cuttingplane5 (2).
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]

Figure5.69: Macro-porosity:max0.0072mg/ L, time step10, cutting plane8 (2).
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Thespatialsizeof thegrid usedfor all simulationsvas23 x 23 x 23, andthetime domainis
dividedinto 10 steps.Cutting(sliding) planesfrom number0to 22in threedirectionsareusedby
the modelto shaw the spatialdistribution of the concentratiorin shade®f gray (the maximum
concentratiortorrespondso black). The3D modelprovidesthemaximumconcentratiovalues
andthe positionof the planein X (transerseplane),Y (longitudinal plane)or Z (horizontal
plane)directions.Figures5.64to 5.69 shav the migrationof contaminantn a soil with macro-
porosityin two differenttime steps.Notice the differencewith Figures5.45to0 5.50in Section
5.4 correspondingo a homogeneousoil. The contaminantravels fasterthroughthe macro-
poresin the soil profile, and the movementis asymmetricdue to the anisotropicdispersion
and corvection coeficients. The 3D-MRTM model considersboth diffusion and corvection
effectsin the chemicaltransportprocessandimproves the diffusion modelfor macro-porous
soilsdetailedin [72].

In conclusiontheresultsprovided by 3D-MRTM are consistenivith the numericaloutput
of 1D-MRTM, sincethe concentration-deptburvesareshavn to be similar for the nominaltest
casethatis independenbdf temporaland spatialscalesin Section5.2. Besidesthe numerical
output that the model generatesthe visualizationcomponentof the model gives an almost
instantaneoufook into the spatialdistribution of the contaminant.This visualizationis made
by sliding three planes(horizontal, longitudinal and transersal) acrossthe whole simulation
domain. The visualizationof the concentrationss scaledfrom 0.0 to the maximumvaluesso
that the trace concentrationgan be easily visualized. The numericalvalue of the maximum
concentrations alsooutputin the visualizationwindow, togetherwith the currentposition of
thevisualizingplane.The 3-D visualizationis shavn to bevery usefulfor identifying the extent
and severity of the soil contaminationdue to the trace compoundload underthree different
typesof input load distribution (point, line, and two-point sources). The quantificationand
visualizationcould be usedfor remediationpurposes.Models of fewer dimensiongnight not

provide comparablenformationespeciallyon the spatialdistribution of the contaminant.
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The integrated web-basedsystemgreatly reducesthe time usedby traditional ways to
calculateandvisualizethe simulationresults. The databasenanagemensystemalso persists
the previouscomputationatesultdatafor futurecomparisonWhenthereis aneedto repeatedly

run simulationandview results the web-base@nvironmentcanshav greatadvantagego save
time, sincethe usersdont needto switch betweencomputationalprogramsand visualization
programs.The web-basedisualizationandcomputationajob managemergystemintegration

providesa flexible andsmoothaccesdo the remotehigh performanceomputingresources.



CHAPTERVI
CONCLUSION

A three-dimensionalmulti-reaction transport model (MRTM) is developed in this
dissertationto simulatethe chemicalretentionand transportin groundvater and soil. This
simulationprovidesanalternatve way to tracecontaminantnovementoutsidelaboratoriesThe
alternatingdirectionimplicit (ADI) methodis improvedto achieve the second-ordeaccurag in
bothtime andspacewith Neumanrboundaryconditions.IncrementaparallelADI methodusing
OpenMPtechnologiess alsosuccessfullymplementedn thesharednemoryenvironmentwith
idealspeedupesults.

The web-basedvisualization componentof the simulation system gives an almost
instantaneoudook into the spatial distribution of the contaminant,and is very useful for
identifying the extent and severity of the soil contaminationdue to the trace compoundload
underdifferenttypesof inputloaddistribution.

The 3-D MRTM web-basedsimulation systemsets up a generic framevork for high
performancecomputing applications using the J2EE enterprisetechnologies. Platform
independenceyeb accessibility and multi-tiered architectureprovide a thin front-endto the
back-endhigh performancecomputing resources. Given accessto the Internet, userscan
createandexecutetheir own computingjobs usingadequateomputationatesourcesrnywhere
arytime, even from a laptop personalcomputer The web tier and businesstier, often called
middle-tiertogether have the responsibilityto allocatecomputingresourcegndmanageesult
data.As the systemgrows, the multi-tier designalsohasthe advantageto allocateprogramming

tasksmoreefficiently to differentpeoplewith differentskills.
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