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1D-2D coupling for river flow modeling

Version française abrégée ves pprohes unidimensionnelles ont prouvé leur e0ité dns l modélistion des éoulements )uE viuxD tnt que euxEi restent glolement lignés ve l9xe du ours d9euF vors de ruesD ette pE proximtion ne peut générlement plus être fite et des modèles à siers ou en deux dimensions sont utilisésF gependntD dns le premier sD les trnsferts de quntité de mouvementD essentiels à l onne représenttion des phénomènes tels que les ourtEiruits de méndresD sont négligésF in deux dimensionsD un millge préis du lit de l rivière est néessire pour orretement prendre en ompte l topogrphieF ve millge prohe du lit de l rivière doit don églement être omposé de ellules de tille réduite et le ps de temps de simultion doit être réduit en onséquene pour ssurer l stilité du shém numériqueF ne pprohe lterntive onsiste à oupler les modèles Ih et PhF gependntD les ouplges existnts ne sont générlement ps stisfisntsD puisque seuls les trnsferts de msse sont pris en ompte négligent eux de quntité de mouvementF hns l9pprohe proposéeD le ouplge est rélisé en inlunt le modèle Ih dns un modèle Ph X hque mille Ih du lit mineur de l rivière est intégrée dns une mille Ph de l pline d9inondtionF ge formlisme permet une rédution importnte du nomre de milles en omprison d9un millge lssique PhD et pr onséquentD une rédution du temps de lulF ves équtions de intEenntD étlies pour hque modèleD sont modi(ées pour prendre en ompte les trnsferts de msse et de quntité de mouvement entre les modèlesF v représenttion des pertes de hrges liées à l sinuosité du ours d9eu insi que des phénomènes de ourtEiruit de méndres est lors possileF lusieurs séries de mesures expérimentles ont été rélisées et omprées ux résultts issus de l simultion numérique ve le ode ouplé IhEPh @IPhA et un ode Ph lssique @PhAF ves résultts produits pr IPh sont plus en déqution ve les mesures que eux de PhF in outreD les temps de lul sont réduits d9un fteur IDS à VH selon les on(gurtions simuléesF 1. Introduction yneEdimensionl pprohes re widely used in river )ow modeling due to their omputtionl e0ieny PF roweverD when the oneEdimensionl hypothesis re no longer vlidD oneEdimensionl ellEsed or twoE dimensionl models hve to e usedF roweverD in the (rst seD the momentum trnsferD tht is essentil to orret representtion of phenomen suh s mender shortutsD is negleted IIDQDIHF por Ph river )ow modeling WD preise meshing of the river ed is required to orretly tke the topogrphy into ountF he mesh must therefore e re(ned drmtilly lose to the min hnnel nd the timestep must e redued to ensure the numeril sheme stilityF en lterntive pproh onsists in oupling Ih nd Ph modelsF roweverD existing IhEPh models prove not to e stisftory in the generl se euse only mss trnsfer is tken into ountD while momentum trnsfer is often negletedF his pper presents new oupled IhEPh model where momentum trnsfer etween the min hnnel nd the )oodplin is fully onsideredF he proposed model is desried in setion PD inluding hypothesis nd governing equtionsF he numeril tehniques implemented in the IPh softwre re desried @setion QA nd omputtionl exmples re provided in setion RF Email addresses: pascal.finaudguyot@engees.unistra.fr (Pascal Finaud-Guyot), delenne@msem.univ-montp2.fr (Carole Delenne), guinot@msem.univ-montp2.fr (Vincent Guinot), c.llovel@gingergroupe.com (Cécile Llovel). P 2. Model description PFIF wodel hypotheses he proposed model is sed on lssil Ph model ut mke ssumptions on the re orresponding to the min hnnel nd its lose neighorhood where speil formlism is used @see pigure IAF his formlism is sed on severl hypothesesF he (rst two onern the geometryF @iA he )ow is divided in three zones X the ottom of the min hnnel where )ow is purely Ih @Ih oneAD the )oodplin where the )ow is purely Ph @Ph oneA nd the zone loted ove the min hnnel nd the ottom of the river nk @goupling zoneAF xumerillyD the Ph one orresponds to @lssilA PhEell nd the IhEell regroups oth the Ih one nd the oupling zoneF ih IhEell is therefore fully ontined in PhEellF he )uxes re omputed etween two IhE @or PhEA ellsF en equilirium proess is used to tke the exhnge etween PhE nd its ontined IhEell into ount @ee setion QFIAF @iiA he ottom elevtion over eh PhEell is onstntF hese two hypotheses imply tht the ottom elevtion is the sme on eh nk of the min hnnelF he other hypotheses re mde on the )owF @iiiA he free wter surfe elevtion is onstnt over PhEell nd its inluded IhEellF @ivA he longitudinl veloity u is uniform over vertil lineF @vA he trnsversl veloity v is onstnt in the PhEell nd the oupling zoneF sndeedD when over)ow shortut the mendersD this hypothesis is lerly vlidF sn the overE)ooding @or inE)oodingA proessD the )ow goesD on oth sides of the min hnnelD from the hnnel to the )oodplinF ine the hrteristis of the )oodplin re the sme on oth sides of the hnnelD the glol trnsfer is nil in terms of momentum euse the momentum trnsfers t eh side interfe re equl with n opposite signF he vlidity of the hypothesis @iiiA nd @vA n e disussedF roweverD they re used to ompute the trnsfer etween the IhE nd its ssoited PhEell @ee etion QAF sn the proposed methodologyD the totl mount of the onserved vriles @mss nd momentumA on oth ells is distriuted t eh time step etween the IhE nd the PhEellF eny formultion tht llow this distriution n priori e usedF sn the present pperD the simplest formultion hve een usedF he im of this rtile is to vlidte the proposed methodologyF purther omprison of di'erent formultions n e relized in next stepF he two lst hypotheses hve onsequenes on the )ow ehviorX @viA he veloity sher etween Ih nd Ph )ows leds to the pprition of swirls nd thus to moE mentum quntity trnsfer tht n e estimted y the formultion proposed in I @ee setion PFPAY @viiA e vertil swirl is lso reted y the trnsversl veloity in the Ih zoneF hue to this swirlD hed loss should e introduedF roweverD the phenomen hs een negleted in this modelF PFPF qoverning equtions he integrl form of the governing equtions is derived using mss nd momentum lne over ontrol volume ontining oth Ih nd Ph )ow SF hese equtions re then seprted into one eqution per dominD thus yielding n exhnge term TX

∂U ∂t + ∂F ∂x + ∂G ∂y = S ± T @IA Q Coupling Zone 2D Zone Y 1D Zone Z X X 2D Flow Inbank ow Over ow 2D Flow 2D Interface 1D Interface Side Interfaces 2D Cell 1D Cell 1D Flow Figure 1. Assumed structure of the ow U =      φh φq φr      S =       0 gφh (S 0,x -S f,x ) + 1 2 gh 2 ∂φ ∂x gφh (S 0,y -S f,y ) + 1 2 gh 2 ∂φ ∂y       F =      φq φq 2 /h + φgh 2 /2 φqr/h      G =      φr φqr/h φr 2 /h + φgh 2 /2      @IA
where U is the onserved vrileD F nd G re the )ux funtionsD S is the soure termD g is the grvittionl elertionD h is the wter depthD q @respF rA is the unitEdishrge in the x @respF yA diretionD S 0,x @respF S 0,y A is the ottom slope in the x @respF yA diretionD S f,x @respF S f,y A is the frition slope in the x @respF yA diretionF he term φ stnds for the porosity in Ph nd for the hnnel width in Ih @s in UD RAF he exhnge term T tke the trnsfers etween the Ih nd the Ph )ow into ountF uh exhnges stem from X ! he veloity sher etween the )ows genertes swirls long the interfes etween oth ellsF he glol mss exhnge through the swirls is nilD however the swirls generte momentum exhnge from one ell to the otherF he formlism proposed in I is used to estimte the exhnge dishrge q t tht goes simultneously from the min hnnel to the )oodplin nd from the )oodplin to the min hnnel X

q t = ψh 2D |∆V |
@PA where ψ is proportionl oe0ientD h 2D is the wter depth long the interfeD ∆V is the veloity di'erene etween the Ih nd the Ph ellF I hs show tht ψ n e onsidered onstnt nd equl to 0, 016F ! he mss equilirium tht insures hypothesis @iiiA is respetedF ! he trnsverse momentum equilirium tht insures hypothesis @vA is respetedF nlike in lssil Ih modelsD the proposed methodology uses two vriles to desrie momentum in the IhEells s in the lssil Ph modelsF he hypotheses gurntee tht the trnsverse veloity omponent is nil in the IhEzone nd equl to the trnsverse veloity in the Ph ell in the oupling zoneF he )ow diretion hnge etween two following IhEells is thus tken into ount sine the )uxes re omputed in the referentil (ξ, ψ) tthed to the interfe @see pigure PAF hiretion hnges eing tken into ount even in the Ih equtions @nd therefore in the Ih modelAD hed losses due to menders or QFIF elgorithm e solution lgorithm hs een implemented in the IPh ode using the time splitting method TF his pproh onsiders the entire prolem s severl simpler suEprolemsD eh one eing solved over the whole time step using the solution of the previous prolem s initil onditionF he soure nd trnsfer terms re split into four physil terms nd two equilirium termsX

∂U 1D ∂t + ∂F 1D ∂x + ∂G 1D ∂y = [S 0,1D + S p,1D + S f,1D ] + [T l + T m + T t ] @QA ∂U 2D ∂t + ∂F 2D ∂x + ∂G 2D ∂y = [S 0,2D + S p,2D + S f,2D ] -[T l + T m + T t ]
@QA iqution @QA is solved using the following lgorithm @see pigure QAX ! solve the onservtion prt with the soure terms orresponding to the topogrphy @iFeF the ottom slope S 0 D the pressure fores long the sideEinterfes nd the porosity or hnnel width vrition S p AY ! integrte the frition terms S f Y ! integrte longitudinl momentum trnsfer T l Y ! perform mss lne T m to respet the third hypothesis of the modelY ! perform trnsversl momentum quntity lne T t to enfore hypothesis @vAF efter eh stepD n intermedite vlue of the onserved vrile is estimtedX U n,c D U n,f D U n,l D U n,m D U n,t F he following susetions detil eh of these stepsF QFPF olving the onservtion prt of the eqution he onservtion prt of eqution @QA with the soure terms orresponding to the topogrphy is disE retized in (nite volume frmework s

U n,c i = U n i - ∆t A i j∈N (i) P ij F n+ 1 /2 ij L ij + S n+ 1 /2 ij i @RA
where the susripts i denotes the verge vlue in ell i nd ij denotes the interfe etween the ells i nd jY ∆t is the omputtionl time stepD A i the pln view re of the ell iD N (i) the set of the S

U n U n+1 U n,m U n,l U n,f U n,c Physical phenomena ∂ U ∂t + ∂ F ∂x + ∂ G ∂y = S 0 + S p ∂ U ∂t =S f ∂ U ∂t = T l ∂ U ∂t = T m ∂ U ∂t = T t Balances Figure 3. Algorithm of SW12D
neighoring ells of the ell iD L ij the width of the interfe ijD U n i the verge vlue of U over the ell i t time level nD F n+ 1 /2 ij the verge vlue of the )ux t the interfe ij over the time intervl [t n , t n+1 ]D P ij the mtrix tht trnsforms the vriles in the glol oordinte system into the lol oordinte system tthed to the interfe @see pigure PA nd S n+ 1 /2 ij the verge vlue of the soure term over the ell i etween the time levels n nd n + 1F he in)uene of the pressure fores long the nk of the min hnnel @iFeF the sideEinterfes @ee pigures I nd PAAA is tken into ount in the momentum lneF S hs shown tht the di'erene of the pressure fores etween the left nd right sideEinterfes orresponds to the vrition of the momentum diretion in endF sn the proposed softwre IPhD the )uxes F n+ 1 /2 ij nd the soure term orresponding to the topogE rphy S n+ 1 /2 ij i etween two IhE @or PhEA ells re omputed in the referentil (ξ, ψ) tthed to the interfe @see pigure PA using the ore iemnn solver proposed in RF ine the equtions involve the sme numer of vriles @see etion PFPA the sme numeril methodology n e used for oth Ih nd Ph elementsF efter this stepD the free surfe elevtion nd the trnsversl omponent of the veloity in the Ih element my not respet the model hypotheses @see etion PFIAF QFQF sntegrtion of the frition term he frition terms re estimted y solving n ordinry di'erentil eqution in eh diretion of speX

dq dt = -g q 2 + r 2 K 2 x h 2 R 1 /3 h,x q dr dt = -g q 2 + r 2 K 2 y h 2 R 1 /3 h,y r @SA
where K x nd R h,x re the trikler frition oe0ient nd the hydruli rdius in the x diretion @respF K y nd R h,y in the y diretionAF he hydruli rdius is pproximted with the wter depth exept in the diretion of the minEhnnel where the full expression of the hydruli rdius is tken into ountF he explntions for suh pproximtions re presented in SF T he vlue of the trikler oe0ient is prmeter of the simultionF htever the ell is @Ih or PhAD the vlue of this prmeter should e hosen s for lssil Ph model VF sndeedD in the lssil Ih models the trikler oe0ientD eing most of the time the only one hed loss driver prmeterD is not only used to emulte the frition e'et ut lso to tke ll the other hed loss proess into ount @menderingD FFFAF olving @SA leds to the intermedite stte U n,f with the following expressions for the unitEdishrge @here in the longitudinl diretionAX

q n,f = q n,c exp   -g (q n,c ) 2 + (r n,c ) 2 K 2 x (h n,c ) 2 R 1 /3 h,x ∆t   @TA
QFRF vongitudinl momentum trnsfer efter the frition stepD the longitudinl veloity is priori di'erent in the IhE nd PhEellsF hereforeD veloity sher ours t the interfes etween oth ells @see pigure RAF sing the formultion proposed in ID the trnsfered unit dishrge through the interfes n e estimted yX

q Lat = ψ u n,f 1D -u n,f 2D cos βh n,f

2D

@UA where β is the ngle etween the hnnel xis nd the interfeF he sher proess only exhnge mss etween ellsF hereforeD there is simultneously trnsfer from the Ih ell to the Ph one nd vie versF he unit dishrge q Lat yields the trnsfered volume nd the ssoited momentum trnsferD leding to U n,l F ell the physil phenomen eing tken into ountD two lne steps re used to ensure tht the model hypothesis re veri(edF U QFSF wss lne he mss trnsfer enfores hypothesis @iiiA @see setion PFIAF sf the wter volume ontined in the Ph ell is smller thn the volume ville in the Ih ell efore over)owingD the mss nd the momentum ontined in the Ph ell re trnsfered in the Ih ellF ytherwiseD the free surfe elevtion is modi(ed so s to verify the hypothesis @iiiAX

z = z n,m 1D = z n,m 2D = A 1D z n,l 1D + A 2D z n,l 2D A 1D + A 2D @VA
where A 1D,2D represents the Ih @PhA element re nd z represents the free surfe elevtion on oth Ih nd Ph ellsF he momentum ontined in the volume trnsfered from one ell to the other is dedued from the upstrem ell nd dded in the downstrem oneD leding to U n,m F QFTF rnsverse momentum equilirium he trnsverse momentum equilirium is sed on hypothesis @vA of setion PF he trnsverse veloity is lulted using the following equtionX

v n+1 = A 1D h n,m 1D v n,m 1D + A 2D h n,m 2D v n,m 2D A 1D h n,m 1D + A 2D h n,m 2D @WA
he longitudinl momentum ontined in the volume is lso trnsferedD leding to the solution

U n+1 t time n + 1F 4.
Computational examples e numer of experiments on smll sle model hs een mde to ssess the pity of IPh in modeling di'erent on(gurtions @liner )owD menders on(gurtionFFFAF he e0ieny of the ore solver R hs een tested on vrious numeril test sesF e omprison of the results produed y vrious numeril softwres @IPhD Ph nd rigEsA with the experimentl dt hs een rried outF e omprison of IPh nd Ph hs lso een performed on relEworld test se orresponding to n engineering studyF RFIF WH¦ends on(gurtion o estimte the ility of IPh to model nonEliner on(gurtionsD set of experiments with WH¦ends hs een mde @pigure SAF ith this geometryD two di'erent dishrges hve een imposed upstrem suh s hving n experiment with innk )ows @4snnk on(gurtion4A nd one with overE)ooding @4plood on(gurtion4AF et the downstremD the wter depth hs een imposed using spillwyF he experimentl dt of the 4snnk on(gurtion4 hve een ompred to the one produed y IPhD Ph nd rigE s @pigure TA using sme frition oe0ient @previously lirted on vrious dishrges in liner on(gurtionAF sn this on(gurtionD only IPh mthes to reprodue the experimentl dtF sndeedD the wter depth is overE @underEA estimted respetively with Ph nd rigEsF woreover the hed loss due to ends is not onsidered y rigEs nd under estimted @ut well lotedA y Ph @proly due to the overestimtion of the wter depthAF sn the 4plood on(gurtion4D only IPh nd Ph hve een used sine the on(gurtion is lerly not uniEdimensionlF ith oth softwresD the wter depth is well omputed nd therefore only the rtio of the veloity in the min hnnel to the veloity in the )ood plin is represented @pigure TAF ynly IPh orretly reprodues the rtio of the veloitiesF RFPF el world on(gurtion es IPh should e use for relEworld engineering simultionsD it hs een ompred to Ph on rel world on(gurtionF opogrphil nd hydrologil dt provided y qinger invironnement 8 snfrstrutures hve een usedF he mximl wter depth nd veloities produed y oth softwres re presented in (gure U nd VF he glol hydrodynmi proess is the sme with oth softwres nd the mximl wter depth re not signi(ntly di'erentF xeverthelessD Ph identi(es more importnt trnsfer from the 4southern4 river to 4middle4 riverF hereforeD the veloity in ple of the trnsfer is higher with Ph nd the wter depth inreses t the downstrem end of the 4middle4 riverF he di'erenes etween the results re due to the impreision of the modeling proessF prom the dt villeD it is impossile to stte whether Ph or IPh is the most urte nd oth produe eptle resultsF RFQF gomputtionl times por ll the di'erent on(gurtionsD the omputtionl times using IPh re smller to the one using Ph @ee le RFQAF por the Ih on(gurtionsD the omputtionl time is equl using IPh or rigEsF IH st ppers tht IPh requires n equivlent omputtionl time to Ih softwre nd is t lest IT times @nd up to VI timesA fster thn PhF 5. Conclusion he IhEPh oupling methodology presented in this pper llows oth mss nd momentum trnsfer etween the Ih nd the Ph models to e ounted forF his is signi(nt improvement ompred to lssil IhEPh softwreF woreoverD the results otined with IPh hveD t lestD the sme ury s the results from PhD lssil Ph softwreF por ll the simultionsD IPh ppers to e fsterD reduing the proessing time up to VI timesF yngoing reserh fouses on @iA vlidting this softwre under di'erent on(gurtionsD @iiA ompring IPh to other IhEPh nd Ph softwre pkges nd @iiiA extending the methodology to nonEretngulr Ih hnnels nd tking on)uenes into ountF et longer termD ongoing reserh will fouses on developing methodology tht llow to hve di'erent on(gurtions of the topogrphy nd the )ow on eh nks of the min hnnel @iFeF y linking one IhEell with two PhEells @one on eh sideAAF
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 4 Figure 4. Longitudinal momentum transfer between 1D-and 2D-cells -Swirls due to longitudinal velocity shear.
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 56 Figure 5. Meandering conguration. (a) Dimensions and measurement points (in mm), (b) Overview of the 1D and 2D meshes.
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 78 Figure 7. Comparison of the maximal water depth for the real-world simulation. (a) SW12D , (b) SW2D.
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