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ABSTRACT
Theweightedimplicit finite volumeapproachfor 2-D flow is extendedto modelcanal
flow in theSouthFloridaRegionalSimulationModel (SFRSM).St Venantequations
with thediffusionapproximationareusedasgoverningequations.Thewaterbodyand
watermoverbaseclassesareusedto representcanalsegmentsandjunctionsin the1-D
modelin anobjectorientedframework. Groundwaterandsurfacewaterflow is inte-
gratedwith canalflow throughflow functionsattachedto segmentwalls. The model
usesan externalsparsesolver to solve overland,groundandcanalflows simultane-
ously. Themethodis stablebecauseof theimplicit formulation.This paperdescribes
thetheoryandprovidesasampleapplication.

INTRODUCTION

Regional simulationmodelsplay a key role in the planning,managementandoper-
ation of the complex hydrologicsystemin southFlorida. The SouthFlorida Water
ManagementModel (SFWMM) wasdevelopedduringthelate1970sandearly1980s
andhasserved asthe primary regional simulationmodel in southFlorida for nearly
two decades.New initiativessuchasthe EvergladesRestoration,andWaterSupply
Planninghave placednew demandsfor informationfrom regionalsimulationmodels.
The SouthFlorida Regional SimulationModel (SFRSM)will be the next generation
SFWMM that will userecentadvancesin computertechnology, in particular, Geo-
graphicalInformationSystems,Databases,andObjectOrientedmethodologies.The
SFRSMwill alsomake useof the moreaccurateandefficient numericalalgorithms
to simulatehydrologyandwatermanagementin southFloridausinga variablemesh
structure.

TheHydrologicSimulationEngine(HSE)wasdevelopedto providemoreflexible
anddetailedhydrologicanalysiswithin theSFRSM.A weightedimplicit finite volume
methodis usedin theHSEto solve thediffusiontypeoverlandflow andgroundwater
flow equations(Lal, et al., 1998). Thephysicaldomainis ideally suitedto be imple-
mentedasobjects.The two fundamentalobjectsarewaterbodiesandwatermovers.
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Waterbodiesareplacesto storewater. Watermoversprovide a meansof watertrans-
fer. Becausethetransferof waterbetweenwaterbodiesis throughwatermovers,water
moverobjectshave theresponsibilityof computinghow muchflow occurs.To do this
they useavarietyof user-selectablemethodsthatmodeloverlandflow andgroundwa-
ter flow. A linearizedcoefficient is producedby eachof thesemethodsandinsertedin
a stiffnessmatrix “K”. The final valuestoredin “K” is a combinationof all theflow
methodsandindicatesthetotalamountof watertransferredbetweenwaterbodies.The
governingequationis written in termsof K andis usedto obtaina weightedimplicit
formulationthatcanbesolvedasa systemof linearequationsfor waterlevel. Canals
in theone-dimensionalnetwork modelcanbediscretizedin thesameway asthetwo-
dimensionaldomainis discretized.Canalsegmentsarewaterbodiesthatstorewater.
Junctionsbetweencanalsegmentsandwalls betweena canalsegmentand2-D cells
actaswatermovers,transferringwaterfrom canalsegmentto adjacentsegmentsand
cells,respectively.

GOVERNING EQUATIONSFORCANAL FLOW

Onedimensionalflow is approximatedusingdiffusionflow equations,assumingthat
theinertiatermscanbeneglected.Thecurrent1-D modelis capableof simulatingflow
throughstructuresandjunctions,andconsidersthe effectsof differentheadanddis-
chargeboundaryconditions.In thecoupledsystemconsistingof 2-D overland/ground
waterflow and1-D canalflow, thecanalsystemis laid over the2-D system,andthe
interactionor leakagetermsarecomputedusingwaterlevelsandphysicalcharacteris-
tics of bothsystems.Figure1 shows a definitionsketchshowing theplacementof the
canalsegmentsin thecell.

Graduallyvaried1-D unsteadyflow is explainedusing the depthaveragedflow
equationscommonlyreferredto asSaintVenantequations.Thefirst of thetwo equa-
tionsis thecontinuityequation.

∂A
∂t
� ∂Q

∂x
�

ql � 0 (1)

in which,x is thedistancemeasuredalongthecanal;A � flow crosssectionalarea;
Q � discharge throughA; ql � overlandflow enteringinto thecanalper unit length.
Rainfall andevapotranspirationareassumedto betakingplaceonly in the2-Doverland
flow area.Thesecondof thetwo equationsis themomentumequations.

∂Q
∂t
� ∂

∂x

�
β

Q2

A � � gA � ∂H
∂x
�

S f � � 0 (2)

in which,S f � friction slopein x direction;H � waterlevel; β � momentumcor-
rectioncoefficient. After neglectingthefirst threetermscontributing to inertiaeffects,
the momentumequationin reducesto ∂H

∂x ��� S f in which, H � h
�

z � water level
above a datum;z � bottomelevationabove datum.Friction slopeS f is relatedto the
velocity usinga generalform of the Manning’s equationis written asV � 1

nRγSλ
f in
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which R � A � P � hydraulicradius;P � wettedcanalperimeter;n � Manning’s co-
efficient whenγ � 2/3 andλ � 1/2; andS f � friction slope. Akan andYen (1981),
Hromadkaet al. (1987),andothersshowed that flow velocity componentu canbe
expressedin thefollowing form usingManning’sequations.

Q �	� K
∂H
∂x

(3)

in which,K canbeexpressedfor theManning’sequationas

K � 1
n

ARγSλ 
 1
f for λ � 1 �  S f �� Stol (4)

K � 1
n

ARγ

S1 
 λ
tol

for λ � 1 �  S f �� Stol (5)

Stol � a cutoff level of friction slopebelow which theflow is assumedto benegli-
gible. Stol is alsousedto boundK within finite limits. ThecontinuityequationEq. 1
cannow beexpressedusingEq.3 as

∂A
∂t � ∂

∂x

�
K

∂H
∂x � � ql (6)

Thisequationcanbesolvedasanon-lineardiffusionequation.

GOVERNING EQUATIONSFORCANAL INTERACTIONS

The systemin southFlorida is uniquebecauseof the presenceof stronginteraction
of overlandandgroundwaterflow in canalsandpondedareas.Leakagebetweenthe
canalandthegroundwateraquifercanbeexpressedas

ql � kmP
B

∆H
δ

(7)

in which,km � transmissivity coefficient for sedimentlayer;P � wettedperimeter;
B � width of canal;∆H � headdifferencebetweenthecell andthecanalsegment;δ �
thicknessof sedimentlayer;

Overlandflow getsin andout of canalsmainly duringstormevents.Simplekine-
maticflow assumptionsareusedto computeflow ratesbasedon theManning’s equa-
tion. Flow is assumedto take placeundertwo differentconditionswhich dependon
thewaterlevelsof thecanalandtheground.Theequationsfor flow ratearedeveloped
for conditionsunderwhich theflow ratecanbedownstreamdependentandindepen-
dent.Overlandflow rateinto a canalcanbecomputedusinganequationbasedon the
Manning’s equation.Whenthedownstreamwaterlevel is well below thebanklevel,
the downstreamindependentflow occur(Figure2). Underdownstreamindependent
flow conditions,
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Qo � 1
nb � S0 � H � z � dd � 5

3 (8)

in which, Qo � flow rateper unit lengthof canal;nb � Manning’s roughnessof
overlandflow; S0 � bedslopeof theoverlandflow area;anddd � detentiondepth.

Underdownstreamdependentflow conditions,

Qo � 1
nb
� H � z � dd � 5

3 � 4 � H � Hc �
∆x

(9)

∆x ��� ∆A wasassumedfor triangularcells.

NUMERICAL METHOD

Solutionof theSt. Venantequationsor its diffusionflow form requiresdiscretization
of thecanalsystem.In orderto obtainafinite volumetypeformulation,thegoverning
equationis expressedin thefollowing integral form over thecanalsystem.

∂
∂t � cv

Adv � � cv

∂Q
∂x

dx
� � cv

qaedv � 0 (10)

For a single canalsegment i of plan areaBi∆xi, the continuity equationcan be
expressedas

B∆x
∂H
∂t ���∑Qin � ∑Qout

�
qae � � 0 (11)

in which,Qin andQout areflows in andout of thecanalsegmentfrom neighboring
canalsegments.

Whenusinganobjectorientedformulation,canalsegmentsareconsideredaswater
bodyobjectshaving uniformcrosssectionalproperties.Thesesegmentsareconnected
to eachotherat junctionslocatedat eachend.Junctionsactaswatermovers,control-
ling theflow betweensegments.Thefriction relationshipsbetweenthecanalsegments
form thebasisof all the flow computationsin thenetwork. In thecaseof structures,
the friction relationshipis derived from the structureequations.In the caseof open
channelflow, theManning’s equationis usedinstead.If thewaterlevelsof two canal
segmentsi and j areHi andH j, theopenchannelflow betweenthe segmentscanbe
expressedas

Q � Ki � j � Hi � H j � (12)

in which

Ki j � Ā� li � l j � � Snn̄b

�
Ā

P̄ � 5
3

(13)

and
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Ā � Ai
�

A j (14)

P̄ � Pi
�

Pj (15)

n̄b � nbi
�

nb j (16)

Sn � �Hi � H j �li
�

l j
(17)

li � 0 � 5∆xi (18)

Ai � crosssectionalareaof canalsegmenti; Pi � wettedperimeterof the canal
segmenti; nbi � Manning’s roughnessof canalsegmenti; and∆xi � lengthof canal
segmenti.

Usingtheabove linearization,thecontinuityequationfor a canalsegmenti canbe
expressedas

Bi∆xi
∂Hi

∂t ��� nd

∑
j � 1

Ki jH j
�

qae � i  � 0 (19)

in which, j � 1 � 2 �!�"�"� nd aretheflow pairssendingwaterto canalsegmenti. Since
thegoverningequationis castin theform

A � dH
dt � M �H � S (20)

andthediagonalmatrix A is definedas

∆Aii � Bi∆Xi (21)

Equation20 canbenumericallysolvedusingthesamemethodusedwith the2-D dif-
fusionflow problem.

The interactionsbetweenthe canalsand cells introducetermsto the systemof
differentialequations.The systemof equationsis written in a form consistentwith
Equation20. In orderto assemblethecorrespondingtermsin the M matrix, follow-
ing waterbalanceequationsarewritten describingthe leakagebetweencells andthe
canals.Flow rateinto acanalsegmentis givenby

∆Ac j
dHc j

dt � n j

∑
i � 1

Bi jGi j � Hi � Hc j � (22)

in which,∆Ac j � openwaterareaof thecanalsegmentj computedaswi∆x j; Hc j �
waterlevel in thecanalsegment j; Bi j � overlappinglengthbetweenthecanallink j
andthecell i; Gi j � canalreachtransmissivity betweenlink j andcell i; n j � number
of cellsinteractingwith canallink j.

Theflow rateintoacell givenby thefollowingequationdescribesthewaterbalance
with respectto cells.

∆Ai
dHi

dt � ni

∑
j � 1

Bi jGi j � Hc j � Hi � (23)
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Figure3 shows theplacementof thesenew elementsin the compositeM matrix.
Interactiontermsaddelementsto thei � i and j � j placesaswell asthei � j and j � i places.
For the j th link, therow andthecolumnnumbersarecountedasne

�
j andne

�
j in

which ne is thenumberof triangularcell elements.

APPLICATION

The testapplicationconsistsof a 1 mile channelsplitting into a 2 mile channel
anda 3 mile channel.Overlandandgroundwaterinteractionswerenot included.The
propertiesof thethreestraightchannelsareshown in Figure4. Manning’s roughness
wasassumedto be0.02for all channels.Theflow hydrographat theinflow beginsas
steadyflow of 589.7m3 � s, andincreaseslinearly from 589.7m3 � s to 1415.8m3 � s in
20minutesanddecreaseslinearly to 589.7m3 � s in 40moreminutes.Thedownstream
endshaveheadboundaryconditions,with waterlevelsspecifiedas2.017m and1.213
m at segments2 and3.

Figure5 shows a comparisonof theHSEwith UNET (HEC,1996)results.Simu-
latedwaterlevelsfrom theHSEandUNET modelsnearlycoincideattheupstreamend
of reach1. At thedownstreamendof reach3, thesimulateddischargefor UNET gen-
erallycoincideswith HSEexceptat thepeakwhereUNET dischargeis 2 m3 � s greater
thanHSE. This deviation is most likely dueto differencesin formulation(diffusion
approximationversusthePriessmannschemefor UNET). Thesedifferences,plusthe
influenceof canalandcell interactionswill beaddressedin futurestudies.

SUMMARY

The weightedimplicit finite volumeapproachdevelopedfor 2-D flow canbe ex-
tendedto canalflow. Moreoverthesameobjectorientedframework developedfor 2-D
flow canbe usedto modelcanalflow, aswell ascanalandcell interactions. Com-
parisonsbetweenUNET andHSE show the two modelsgenerallygive comparable
results.
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Figure1: Definitionsketchshowing theplacementof canallinks in triangularcells
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Figure2: Definitionsketchshowing canalcrosssection.
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Figure3: Configurationof thesparsematrix showing theinteractionterms.

Figure4: Canalconfigurationusedfor testapplication.
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Figure5: Comparisonof HSEandUNET modelresults.
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