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ABSTRACT

Numerical model for simulating sediment transport in unsteady flow is
incomplete in several aspects: first of all, the numerical schemes have been proved
suitable forthe simulation of flow over rigid bed needs to be reevalutdedinsteady
flow over mobile begsecondly, existing neaquilibrium sediment transport models are
empirically developed and therefore lack of consistency regardingviiaation of the
non-equilibrium parameters; thirdly, the sediment transport in various applications have
unique features which needs to be considered in the mdssdement transporin
unsteady flow wasstudied using analytical and numerical metha@d one dimensional
(1D) finite volume method (FVM) model was developedFive popular numerical
schemes were implemented into the model and their performances were evaluated under
highly unsteady flow condition. A novel physicallyased norequilibrium sediment
transport model wa®stablished to describe the requilibrium sediment transport
process. tfiltration effects on flow and sediment transport was included to rttake
model applicablgo simulae irrigation induced soil erosiom furrows. The Laursen
(1958) formula was axpted andnodifiedto calculate the erodibility of firgrain sized
soil, andthenverified by laboratory and fieldatasetsThe numerical model was applied
to a series of simulations of sediment transport in highly unsteady flow including the dam
break eosional flow, flash flood in natural rivers and irrigation floeusd proved to be
applicable in various applicationhe first ordeischemes werable toproduce smooth
and reasonably accurate results, and spurious oscillations were observed in thedimul

results produced by second order schenfém proposed neaquilibrium sediment
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transport model yielded better results than several other models in the literatures. The
modified Laursen (1958) formula adopted was applicable in calculating the atpdibil

the soil in irrigation. Additionally, it was indicatedthat the effect of the jet erosicand

the structural failure of the discontiows bed topography cannot be préperccounted

for due to the limitation of 1D modelThe comparison between thenslated and
measured sediment discharge hydrograptic€ated a potential process associated to the

transport of the fingrain sized soil in the irrigation furrows.
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CHAPTER1: INTRODUCTION

1.1 Statement of the Problem

Sediment transport press is ofgreat concern in mangngineeringfields. In
natural rivers, sediment transport is often associated with erosion/depositiohaaome:|
geomorphic changendpotentialy threaens the safetgf in-stream hydraulic structures.
Soil erosion isimportant to the agricultual and environmental engineers, where soil
serves as a media for the migration of many chemieald,tothe hydrologist, where
sedimerdtion changs land surface Up to date, nmerical modek have replaced the
scaled physical modgel and become the most cestective tool to study sediment
transportand support engineering designs. In the past decade with the availability of
high-capacity computers,nermous efforts have been matte accuratelymodeling
sediment transport processnatural environments (e.g. waterways, watershed).

Sediment transpolis an extremely complephysical processThe movement of
sediment particlesesults froma combination oseverafforces includingthe gravityforce,
the dragorce, the lift force,and theextra friction forces due teollision betweemoving
particles. The drag and lift forsere dependent oriurbulent properés of fluid flow,
which require the knowledge of delicate flowrbulencestructurs. The collisiors
between patrticlesare also a highly random process thatingpossibleto measure and
monitor. On the other handmoving particles on the bottom boundargan alterflow
turbulencestructure, and in turn change the drag and liitéactingon the particlesAt

present, he interaction between flow andediment particles cannot be quantified
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analytically, which isunderfurtherinvestigatiors (Kulick et al. 1994 Kaftori et al. 1995a,
b; Nino and Garcia 1996¥amamoto et al. 2001Advanced mmerical modks, such as
large eddysimulation (LES) and direct numerical simulation (DN&n be a useful tool
for amulatingthediscrete particle transport in turbulence flows

However, such models are not suitable for engineeapglications It is
extremely difficult, and not necesgato establish a computational model that tract the
movement of each fluid parcel and solid particle. Certain simplificatanbe made to
both the flow field and theedimentparticles for establishing a numerical modiet
practical engineeringpplic@ations For example, th&t. Venanequationand the sediment
transport equatiomstead of the NavieBtokes equatiorand the equation of particle
motion areusually adopted athe governing equation ahe numerical models of the
sediment transport in de surface flow.n such models,ime-averaged and space
averaged quantitieare used instead of thénstantaneousones and thusflow and
sediment mbon are quantifiedin a statistically average sendéhe sediment transport
capacity is usually calculadefrom the bed shear stress and tlepresentativesize of
sedimentparticles, which represent the average property of flow and sediment particles,
respectivelyNonetheless, these governing equations are generally writdiffarential
forms, and do noyield analytical solutions. Therefore, numerica¢thods, such as finite
element, finite difference, and finite volume methodsed to be employed to obtain
numerical solutioa to the governing equation$lighly accurate and stableumerical
schemesrerequired todiscretiz the partial differential equationBifferent numerical

schemeshould be adopteidr different flow conditionsSediment transport over mobile
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beds in unsteady flosus usually characterized by strong advection apidly changing
surfacegradient, which requires specialimerical schemes tdiscretiz the governing
equation Because of thisthe first part of this studgims to evaluate numerical schemes
that arestable and accurate fdrscretizing the governing equationssefdinent transport
over mobile bed in unsteady flow.

The simulation of nomequilibrium sediment transport process in unsteady flows is
also an interesting and important topic for scientists and engineers. The concept of non
equilibrium sediment transport prosess originated from the idea that, sediment
transport is not able to immediately response to the change of flow field, thus there is
always a lag between flow and sediment transport. The sediment mass exchange between
the immobile bed layer and the mobisediment layer needs to be quantified for
simulating the norequilibrium transport process. Conventionally, this mass exchange is
determined empirically, and those methods lack consistency in literatures. Recently,
modern experimental techniques were usethvestigate the internal structure of mobile
sediment layers. Although progresses have been made towards the grain scaled structure
of mobile sediment layer, a conceptual model that describes the mechanism of sediment
layer under norequilibrium transprt state is not available. Therefore, Seondpart of
this study is to establish a physically based-aquilibrium sediment transport model to
complement the simulation of unsteady flow and sediment transport. This physically
based model aims to expiathe mechanism of neequilibrium sediment transport

process and facilitate the parameterization of the conventionaqualibrium model.
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Simulating irrigation induced erosion irffurrows is an application ofunsteady
flow and sediment transport modeémd is offundamentalimportanceto agricultural
engineeringFertilizer and nutrient essential to crops are attached to the soil surface and
transported along the furrows by irrigation flewPredictions offlow advancing
processs, infiltration,and sednent transporare essential for furrowperational design.
Two distinctive featuresf flow and sediment transport process in irrigation furremes
recognizeda) a furrow is designed to maximize the efficiency of irrigation, therefore, a
significant anount of water infiltrates into soil, and the effeof infiltration to the flow
and sediment transport needs to be considered; b) the size of soil particles in irrigation
furrows are usually much smaller than sand and gravelsatural rivers which
disqualify the conventional sediment trans formulasfor predicting sediment load he
objective of thahird part of ths study is toextend the capability of the 1D unsteady flow

and sediment transport modelsimulat irrigation flow and soil erosion ifurrows.

1.2. Literature Review

Numerous numerical models have been developed or being developed for the
simulation of sediment transport apen channel flowsThese models, although differ in
their objectives and gsticular applications generally prowde information or prediction
about the erosion and deposition rate and the associated geomorphicsdizggeon
the given or simulated flow field and sediment properties. A few examples include the
HEC-RAS (HEC 2010) and HECG6 (HEC 1991) developed by U.SArmy Corps of
Engineers, Hydrologic Engineering Center, SRBI (BR 2010) developed by U.S.

Department of Interior, Bureau of Reclamation, IALLUVIAL(RHR 2009) developed
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by University of lowajowa Institute of hydraulic Researdmd WINSRFRARS 2009)
developed by U.S. Department of Agriculture, Agricultural Research Center, among
many othersThese models, and other models, were reviewed and compared in literature,
to guide users for thepreferredengineering application®erritt et al.2003; Aksoy and
Kavvas 2005; Duan et al. 2008) addition, more advanced models have been developed
for investigating the mechanism of sediment transport, which is difficult to observe and
analyze in the physical experiments, such as the large eddy simulatioh r{idiels
(Wangand Squires 1996; Smirnct al. 2001; Yamamoto et al. 2001; Bini and Jones
2008; Riber et al. 2009nd direct numerical simulation (DNS) modé@Pedinottiet al.
1992; Elghobashi 1994; Glowinskt al. 2001; Marchioli et al. 2003pther nodels were
also reported in the literature, focusing on different aspects of sediment transport process
based o the objectives of the authdiRark and Jain 1987; Celdnd Rodi 1988; Duan et
al. 2001; Cacet al. 2002; Wu 2004; Duan and Julien 2005; Daad Nanda 2006;
Caleffi et al. 2007; Diaet al. 2008; Minh Duc and Rodi 2008; Zhang et al. 2010).
Although enormous efforts have been madesimulate sediment transport
process, it still remains a difficult task to establish accurate andeliable modg
especially for sediment transport in unsteady #obecausesome problemsegarding
sediment transporstill remain unclear and needs further investigaiorhis section
discussedtiree aspects regarding the numerical simulation of sediment trar(@pdhe
numerical methodsuitable foronedimensional numerical sediment transport model in
unsteady flow; (2) the numerical model flow andsediment transport in the irrigation

furrows; (3) the norequilibrium sediment transport model in unsteadw{lo
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1.2.1. Numerical Schemes for Simulating Unsteady Flow and Sediment Transport

The St. Venantequationtogether withthe sediment transpomass conservation
equationis generally accepted as the governing equationmost sedimentmodels.
Numerical tebniques used to solve these equations are different. Finite difference
method (FDM), finite element method (FEM) and finite volume method (FVM) are
widely used in the area of computational fluid dynamics (CFD), among others (for details
about these methodseeFerziger and Peri002). Among these methods, FVM is
particularly popular in unsteady flow problems, due to its advantage in dealing with flow
discontinuities and retaining the conservativeness of the governing equations. FVM
decomposes the computatal domain into a number of cells, and conssutte
numerical schemes based on the integral fofrthe governing equations. The physical
guantities are evaluated by a emlleraged value and the numerical fluxes are evaluated
on the cell faces. Onerdensional, two dimensional and three dimensional examples of
FVM are reported in literature and pravio be an efficient and effective methéat
hydrodynamidlow and sediment transpgstoblems(Peric et al. 1988; Lai and Przekwas
1994; Kim and Choi 200 Bradfordand Sanders 2002; Valiaei al. 2002; Caleffi et al.
2003; Wu and Wang 2007; Kuiry et al. 2008)

In FVM models, the numerical flux on the cell faces can be constructed with values
at neighboring nodes. Various numerical schemes were proposedlying different
problems. A few examples include the upwind method (Bermudez and Vazquez 1994;
GarciaNavarro and Vazque€endon 2000; Ying et al. 2004), the E&sendroff method

(Lax and Wendroff 1960), and the L-&iedrichs method (Friedrichs andX.4971),and
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etc Among these methods, the Godunov (1962) method received particular shhuest

to its clear physical interpretation and we#having properties. The Godunov (1962)
method is a class of FVM models which utilizes the local solstwdriRiemann problem

in constructing the cekveraged values. Many numerical schemes were developed as
extensiostotheGodunov met hod, including the Roeobs
HLLC solver etc. (Roe 1981; Osher and Solomon 1982; Harten et al. T683;and
Chakraborty 1994). These schemes were proved to be capasimwéting unsteady
flows containing discontinuities, but were generalf§-atder accurate. Higher order
schemes of the Godunov type were also constructed and testadystudies (Delis and
Skeels 1998; Wangt al. 2000; Caleffet al. 2003; Linet al. 2005; Toro and Titarev
2005). For higher order schemes, the property of-t@aationdiminishing (TVD) is
usually required to suppress the spurious oscillation, which can be edtlugusing the

TVD flux limiter function. Sanders an@radford (2006) tested several limiter functions

by simulating solute transport and found these limiter functions performed differently in
controlling numerical dissipation.

Different schemesn the FW models have been well tested for flow with
discontinuities or large spatial gradients over a fixed bed (Begnudelli and Saodeéys
Bradford and Sande002; Mingham and Causatf98; Valiani et al2002; Ying et al.

2004; Zhao et al1994), however, f@er researchers have reported the simulation of flow
and sediment transport over mobile bed. Capart and Y{L8@g) applied the upwind
scheme in 1D numerical model and their results matched well with the experimentally

observed water surface profiles aped elevations, which showed the applicability of
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upwind scheme in simulating dam break flow. Fraccarollo and Cé@0R) used the
approximate Riemann solveao solve the shallow water equationver mobile bed
However, their model ovesimplified the sdiment laden flow by assuming an upper
pure water layer, an intermediate wadediment mixture layer of a constant sediment
concentration, and a lower scli#e motionless layer, which neglected the interaction
between suspended load detl load Cao etal. (2004)calculated a dam break flow over
an erodible bed using Weighted Average Flux (WAF) approximate Riemann solver and
SUPERBEE flux limiter to achieve the second order accuracy in space, but their study
only considered the transport of suspendedlldVu and Wang2007) have taken both
suspended load arfaed loadinto account in the simulation, and developed 1D finite
volume model with an explicit Godundype upwind flux scheme; however, their model
was only thelst order accurate in space. Numaticschemes used in these models
include the upwind flux schem®ing et al.2004; Wu and Wan@007), HLL and HLLC
schemesHarten et al1983; Toro et al1994) , R o e 6 Roe%981hGamiaNavarro
and Vazquexendon2000), and WAF scheme (Torb992). Except the WAF scheme is
2" order accuri, the rest are*lorder. Up to now, the performances of these numerical
methods have not been compared and evaluated with the same data set for mobile bed.
The numerical methods for discretizing the source temaslso investigated in
several literature¢Bermudez and Vazquez 1994; Gasblavarro and Vazque€endon
2000; Kuiry et al. 2008) The source termarethe friction term and bed gradient term in
momentum equation®r unsteady flow, and may include othettratermsif suspended

sediment concentration is treated as a temporal and spatial va@abtéaNavarro and
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VazquezCendon(2000)extenedthe methodof Godunov (1962) in dealing with the flux
term to the noftonservative source termand evaluatedbed friction term and source
terms according to the wave structure at the discontinuities. However, their investgyation
arerestricted to the simulation of shallow water flow but not sediment transport.e¥ing
al. (2004) proposed to use the surface gmatinstead of the bed gradigotimprovethe
stability of thenumericalschemevhendealing with the discontinuities in unsteady flow
Recently, the concept of wdtlalanced schemes is proposed in several st(@regnberg

and Leroux 1996; Kinet al.2008; Caleffi and Valiani 2009)vhich aimed atreating the
source term and flux term in a compatible man(fRosatti and Fraccarollo 2006; Caleffi

et al. 2007)also investigated the wdbalanced schemes f@olving shallow water
equationson mobile bed These studies retained the classical form of shallow water
equations, thus did not account teHect of sediment transpodn the flow because
including these terms alters the characteristic structure of the governing equét®ns.
evaluations of th@erformances of numericachemedor discretizing the flux term and
the source term for the St. Venant equation that fully recovers the effect of sediment

transport is not available in the literatures and therefore needs further investigation.

1.2.2.Nonequilibrium Sediment Transport in Unsteady Flow

Various sediment transport formulas can be chosen based on flow candittbn
the sedimentsize being studied. M. P. Duboys (1879) established the bedtload
transport formula, which is one of the eastibteratureson sediment transport. Many
sediment transport formuldsave beemproposed since then. The most commeudgd

formulas include the ones proposed by Meyeter and Miler (1948), Einstein (1950),
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Laursen (1958), Yalin (1972), Ackers and Veh{tt975), Engelund and Fredsee (1976),
Bagnold (1977), Yang (1979; 1984), van Rijn (1984a; 1984b; 1984c), Parker (1990),
Wilcock and Crowe (2003)and among others. These formulas directly correlate
sediment transport rate to local flow and sediment phypioperties, and they are valid
only in uniform steady flows. If the instantaneous sediment transport rate is assumed
equal to the transport capacity calculated by these transport formulas, such models are
called the equilibrium transport model.

The equiibrium transport model can greatly reduce the complexityiroiulating
sediment transport procelscausehe sediment transport rate is only a function of flow
field andthe sediment physical parametgesg. density, size).Thus it was adopted in
manymodelssuch as HECRAS (HEC2010), SRH1D (BR 2010), HEG6 (HEC1991),
IALLUVIAL2 (IIHR 2009) WINSRFR (ARS 2009). The equilibrium transport
assumption, although provides good approximatimnsa long term simulation, cannot
account for the lag effect dhe sediment transport in the highly unstefidw events,
such as the dafbreak flows, flash floods, etc. A sediment modehpable ofbetter
simulatng the nonrequilibrium sediment transport in unsteady flows is needed to
improve the accuracy of sedimeéransport model.

However, due to the complexity in the unsteailiyw simulation, a non
equilibrium sediment transport formula with the ability to directly predict the local
transport rate under unsteady flow condition is not yet available. An alternatice i

assume a lag effect between the flow and the sediment transport. Heeuildorium
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bed load adaptation length and the suspended load recovery coefficient are two

commonlyused parameters in n@guilibrium sediment transport model.

S

The spatial lagpetween the instantaneous flow field and sediment transport rate

termegdiifindmi um

adaptation

|l engt ho,

whi |

sediment to immediately respond to the changing flow condition (Phillips and Sutherland

1989; Phillipsand Sutherland 1990). According to Bennett (1974), the local scour rate

under norequilibrium condition can be calculated by assuming the scour rate to be

proportional to the instantaneous and the equilibrium scour Tae.norequilibrium

adaptation lendp can be characterized by the distance in which the local sediment

transport rate increases from zero to the equilibrium transport rate. Many researchers

have proposed formulas to calculate the-aquilibrium adaptation length (Armanini and

Disilvio 1988 Celik and Rodi 1988; Rahuel et 4B89; Holly and Rahuel 1980Holly

and Rahuel 1998) Zhou and Lin 1998; Belleudy 2000; Chang and Yen 2002; Cao et al.

2004; Wuand Wang 2007; El kadi Abderrezzak and Paquier 2009), and some of the

proposed formukarecompiled inTable 1.1.

Researchers Formulas

Einstein(1950) L=100D

Yalin (1972) L=UdD
Fernanded.uque and van Beek (197€ L=16D

Bell and Sutherland (1983)

correlated with the erosion depth

van Rijn (1987)

Armanini and Disiio (1988)

0 ocoQ 8"y8
01 O Conop & ]
® o P o @M g g
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Phillips and Sutherland (1989) L=Uqdd) D
Rahuel et al.(1989) Grid dependent
Belleudy (2000) Grid dependent
Wu and Wang (2007) 0 aww FhY—Q
Duan aand Nanda (2006) From Calibration
El kadi Abderrezzak and Paquier (20C From Calibration
Yalin (1972) * L=2"h
van Rijn (1984) * L=(5~10)h

Table 1.1 compilation of some nauquilibrium adaptation length formula in the literature
* when sand dunes areetldlominant bed form

Another norequilibrium model parameten use is thesuspended load recovery
coefficient,which is defined as the ratio of sediment concentration at thebedaregion
to the mean concentration in the crgsstion.This parameter wassed in the non
equilibrium suspended load model in a number of studies (Cao 2004; Wu and Wang
2007). However, in both studies, the suspended load recovery coefficient was assumed to
be a constant, the value of which is determined somewhat arbitrarily.

The formulas for both norequilibrium parametersare mostly determined
empirically or by semempirical theories. Despite the many formulas proposed, there is
no consensus on which method should be used at a given flow condition. On the other
hand, experimegs were also conducted to study the spatial variationgeof load
transport rate in nerquilibrium transport conditions. Soni (1981) conducted a series of
experiments under steady flow with overloading sediment supply to investigate the

transient proces®f the local sediment transport rate under alluvial sediment bed
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condition. Bell and Sutherland (1983), in contrast, conducted experiments under steady
flow with clear water inflow to study the adaptation from clear water to its equilibrium
transport capaty. Their experiment results provided igists into the norequilibrium
sediment transport process. Phillips and Sutherland (1989; 1990) also corackiotéar
experiment to quantitatively study both the spatial and temporal lag between the flow and
corresponding equilibrium sediment transport state. Chang (2002) conducted flume
experiments using colgrainted fine gravels to explore further the semuilibrium
dispersion process. Modern experimental techniques, such as the acoustic Doppler
velocimeter (ADV) and particle tracking imaging technique, can provide detailed
measurements of sediment particle velocity synchronized with flow measurements
(Roarty and Bruno 2006). Several recent experiments have investigated the internal
structure ofbed loadlayer (Mouilleron et al. 2009; Tang and Wang 2009). However,
these experiments did nfatlly uncover the mechanism of the requilibrium transport.

A physicallybased analytical formula for describing the neequilibrium sediment

transport process still renmas a challenging task.

1.2.3. Unsteady Flow and Solil Erosion in Irrigation Furrows

According to Walker andHumphreys(1983), furrow irrigation models can be
classified into several categories: a) volume balance m@&dett and Walker 1982;
Serralheiro 295) b) kinematic wave moddgMWalker and Humpherys 1983; Izuno and
Podmore 1985; Jain and Singh 198€) zeroinertia model(Strelkoff and Katopodes
1977; Elliott et al. 1982; Oweis and Walker 1990; Abbasi et al. 2@)3)ydrodynamic

model (Katopodes mad Strelkoff 1977; Bautista and Wallender 1992; Singh and
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Bhallamudi 1996; Bradford and Katopodes 1998Jhe volume balance model, the
kinematiewave modeland zeranertia model were widely used for flow routing in early
studies. Such models are stalbled efficient for prismatic channels. However, these
models neglected fluid acceleration and thus their accuracy is limited for unsteady flows.
The hydrodynamic models are the masturate andigorous for simulating irrigation
flows, but require stableumerical schemes and more computational power to obtain
accurate solutions.

The concept of soil erosion in irrigation furrsws, in principle very similar to
the sediment entrainment for cohesiveless particles in natural rivers. When the shear
stress athe soil surface excess a certain value, defined as the critical shear stress, soil
erosion starts to occur, and the erosion rate increases with the shear stress. However, the
convectional sediment transport formulas developed for natural rivers, foplexéaire
Einstein formula(Einstein 1950) Bagnold formula(Bagnold 1977) Van Rijn formula
(van Rijn 1984; van Rijn 1984%4), and many others, cannot be directly used to predict the
transport of fine sand, silt, and clay in irrigation furrows due to ttiettat these formula
are generally developed feedimentparticles witha size larger than fine sand, while
sediment in furrows arenuch finer than those imnatural rivers Several studieglLe
Bissonnais 1996; Bryan 2000; Hanson and Simon 2001; Zhaalg 2204)investigated
the entrainment capacity @it and clay sizedine particles, and suggested that the
entrainment processf very fine particles are complex, which can be affected by the
density, aggregation histgrgndchemical and biological ages attached to the particles

The mechanisms of these effects are almost impossible to be accurately quaified.
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the other hand, Strelkoff and Clemmens (2005) argued that the distinguistingfine
particle transport is the size of these particteso small that they can be completely
enclosed by the turbulent viscous layer and created a hydsautioth boundaryut for

sand and gravel the turbulent flow is hydraubagh. They suggested that the Laursen
(1958) formula can be used to calculdte transport capacity of very fine particles if the
friction factor is correctly estimated based on the property of the turbulent boundary layer.
However, the revised Laursen (1958) formula (Strelkoff and Clemr2é0S) lacks
verification in both laboratry and field data.

Surface infiltration influences sediment transportprocess undercertain
circumstances such as an irrigation evévaterloss due to infiltration greatly affectseth
progression ofrrigation flow andalsothe amount of @l lossalongwith each irrigation
flow. Formulas of various types can be used to estimate the infiltredienn the
irrigation event. Many infiltration equations (e.g., Horton 1933; Philip 1981) are
available and can be easily implemented iatoumerical model. Amang them, the
Kostiakov (1932) equation is a simple empirical formula that was used in many studies
(Strelkoff and Souza 1984; Bautista and Wallender 1992; Ghliavarro et al. 2004).
More complex infiltration models were also reported by many resear¢Berssc

Medina et al. 1998; Wohling et al. 2004; Warrick et al. 2007).

1.3. Format of Dissertation

The format of this dissertation is defined by The University of Arizona Graduate
Coll egebds Manual for Theses andrepBitichsfert at i

information. |t includes a first chapter
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this research, i n the context CURRENTe vi ous
STUDYO6 that briefly summari zes thhreeobject
manuscripts included in Appendices A, B, and C, and discusses the conclusions, and
potential future work of the current study. Appendix A is a scientific manuscript
regardinga one dimensional finite volume method model for unsteady flow over mobile

bed, and has been publishég Journal of Hydrology Appendix B is a scientific

manuscript on theimulation of norequilibrium sediment transport in unsteady flamd

is planned for submission t@/ater Resource ResearcAppendix C is a scientific

manusapt regarding the numerical simulation of unsteady flow and soil erosion for
irrigation furrows, and has beescceptedto the Journal of Irrigation and Drainage

Engineering.



31

CHAPTERZ2: PRESENTSTUDY

2.1 Objectivesand Scope

The objectives of tis study are as follows:

1) To develop a 1D FVM model suitable for thensiation of sediment transport
in unsteady flow over mobile bed, &amine the applicability of various numerical
schemes irthe modeland toverify the model in simulating the latadory dam break
flow experiment and flash flood event in natural river

2) To derive an analytical formula for calculating the parameters for-non
equilibrium sediment transpotb verify the formula with measurements in the laboratory
experiments and topaly the model in simulating the laboratory dam break flow
experimers;

3) To extend the 1D FVM model to simulation the unsteady flow, sediment
transport and infiltration in irrigation furrows, to verify the adopted formula for
calculating the transport pacity of finegrain sized soil and to implemented the formula
into the numerical model and simulate the irrigation flow in furrows at Kimberly, Idaho.

The scopes of this study are limited to:

1) This study only aimed at the performances of different nisaeschemes for
the discretization of the spatial flux term;

2) The norequilibriumsediment transporhodel was developed at the absence of
macrascale bed form and uniform sized particle in the bed mateFafthermorepnly

the waterinduced shear esion is considered in the study;
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3) The finegrain soil transport formula only considered the physical effect that
the size of the particle might be smaller than the viscous layer in the wall region. Other
effects such as chemical or biological effect Imiglso affect the transport capacity of

fine-grain sized soil but natonsidered irthis study.

2.2 Dissertation Outline

2.2.1. Manuscript 1: 1D Finite Volume Model of Unsteady Flow over Mobile Bed
2.2.1.1. Data used

Three cases were selected to evaltla¢eperformances of these schemes, which
include: a) a hypothetical dam break flow in frictionless horizontal flume; b) a laboratory
dam break flow on mobile bed; c)raturalflood event in the Rillito River in Tucson,
Arizona. Thesimulationresults areeomparedwith the analytical solution in case a), and

with the observations available in case b) and c).

2.2.1.2. Methods
The governing equations adopted in this study are expressed as follows (See

Appendix A for variable notation):

u(rA) , u(rQ), WruA) _ (21)

. M X M ,
ﬁ(rQ)+§§£r%§+ rgA““Z; +%9Ahp%+fg nAg‘V?' =0 (2.2)
&(AC)+§(QC): B(E- D) (2.3)
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The governing equations can be reformulated as:

Q7. fwég- 1Cp %i Q- Q
&(AC)+§(QC)= B(E- D)
&i%% “f)(b =L—10(Qb* -Q,)
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(25)

2.6

(2.7)

(2.9

(2.9

Thegoverning equations, Egs.2.6 to ,2c8n be written in the vector form as follows:

eHF HF()

| Vi

s(F)

X

An explicit scheme can be established as:

Fri=fF"

Five different numerical schemase used to evaluated the flux terrmEhe current

study,

+—%‘I+,

whi ch

.1
i- =
2

+Dt (B

I OOOl

i ncl ude:

a)

up wi

nd

(2.10

(2.12)

fl ux

Weighted average flux (WAF) scme with DOUBLE MINMOD (DMM) limiter

schem

function; e) WAF scheme with MINMOD (MM) limiter function (See Appendix A for

detailed description of the discretized form of govermggations with these schemes).

Sensitivity analysesre performedn both norequilibrium parameters in case b)
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and c). The feasible ranges of these parameters are estimated based on the findings in
precedent literatures. For case b), the -equilibrium suspended load recovery
coefficient is selected to be 2.0, 7.0 and 12.0, and theeqoitibrium bed load
adaptation length is selected to be 0.05 m, 0.20 m and 0.80 m. For case c), -the non
equilibrium suspended load recovery coefficient is selected to be 5.0, 10.0 and 20.0, and

the nonrequilibriumbed loadadaptation length is selectewllie 200 ft, 400 ft and 800 ft.

2.2.1.3. Results

For the hypothetical dam break flow, the water surface elevations for both the wet
bed and the dry bed cassimulated by all tested schemes are plotted in FiguBeafd
A-4, respectively. For the laboraygodam break erosional flow, the water surface and bed
profiles simulated by all tested schemes are plotted in Figese Phe results of the
sensitivity analyses were plotted in FigurésAand A7. For the simulation of flood event
in Rillito River, the smulated stage hydrograph at La Cholla were plotted in Figue A
The simulated bed elevation changes were plotted in Figlge A The Manni ngos
calculated by observations of flow depth and discharge at Dodge and La Cholla were
plotted against thelischarge in Figure A0 and All. The results of the sensitivity
anal yses on Manningds roughness n, adapt a
plotted in Figure Al2 to A14. The statistics of the simulated results were tabulated in

Table 2.

2.2.1.4 Conclusions

The findings of the current study are:
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a) Forthefix-bed case, all tested numerical schemesacanratelypredict the water
surface profiles and capture the location of shwake front The highorder schemean
provide better accuracy amdduce the numerical diffusiomith a minimal smearing of
wave front in highly unsteady dam break fw

b) In the case of dam break flow over mobile bed, the upwind flux scheme, HLLC
scheme and Roeds scheme proved onbofthe adeq
simulated cases and the WAF scheme produced slight spurious oscillation and over
estimated the scour depth. Surface profiles from these schemes reasonably agreed with
the experimental measurements, while the scour depth was well underestifeged.
cause of this underestimation is uncertain, but it magbeome extentan outcome of
the sediment transport formula used. All the schemes captured the propagation of the
wave front satisfactorily, but failed to accurately locate the hydraulic jump.

c) In the case of unsteady flow in a natural river, the simulated surface and bed
profiles shoved reasonable agreementith data from the field survey, and are superior
to the predictioaof HEC-RAS quasiunsteady model.

d) The bed elevationchanges agerss i t i ve t o both the val ue:
the sensitivity analysis in the Beworend an
obvious at smal l er Uarger alischaegs whicte indicates she o n d i n
sediment transport tends to fsHi into Osuspended | oad domi

discharge increases.



36

2.2.2.Manuscript 2: A Grain Scale Norequilibrium Model for Sediment
Transport in Unsteady Flow

2.2.21. Data used

The data sets used in the verification of the-aquilibrium adagmtion length
formula includes the observations in the experiments of Jain (1992), Bell and Sutherland
(1983) and Bagnold (1936). A total of six measurements of theeqoitibrium bedload
adaptation length with the corresponding flow properties are alaila

The dam break experiments conducted by Spinewine and Zech (2008) and
Fraccarollo and Capart (2002) are used in the verification of theeaquilibrium
unsteady model. A total of thirteen different runs were made in Spinewine and Zech
(2008), with twodifferent bed materials used in the experiments. Their measurements
includes the water surface profiles, the bed profiles and the interfaces between the flow
layer and the bed load mobile layer at six different time instants, which are used to
compared wh the simulated results of the model. Only one run was made in Fraccarollo
and Capart (2002). Their measurement includes the water surface profiles and bed
profiles at five different time instants, and those measured att =0.3 s, 0.4 sand 0.5 s are

usedto compared with the simulated results of the model.

2.2.2.2. Methods
The governing equatiorere the same as Eqs2®.Two par amet,er s, U
(See Appendix B for variable notatiorrgjuire to be evaluated to close the model.

The value of U i s cwalldity ofl treetReude plofile fa s s u mi

suspended sediment, expressed as:



37

D~

(2.12)

N

h- z a;\aR0
4

C,_¢eh-z a
C, z h-a
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In the case of neequilibrium suspended sediment transport, the flux at the
interface between the suspended &ed loadlayers needs to be considered. Brown
(2008) proposed a revised suspendedinent concentration:

1+F,,

1
Ro=——a (2.13)
bku

Wi

Then, the suspendddadrecovery coefficientan be calculated by:

h

a:&: R (2.19)
C ¢h-z a g dz
& z h-al

2

The nonrequilibrium bed load sediment transport model is established by
considering the momentum balance of texl loadlayer. The following expression is

based on the momentum balance oftibd loadayer:

dix[(rs +Cy 1y Jauu =Pl - £,) (2.15)

The shear stress at the top of the salgabied loadayer can be calculated with the
friction velocity as:
t=ru’ (2.16)
A convect i ongploposed leydBagnoddf1041)acdn bdlexpressed as:
t, =ty +t (2.17)

The grain shear stress is modeled by a Coulomb friction medel a
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tsb = ”(rs - rw)gX (218)
The friction effect is caused by the momentum loss of the isgjtparticles when

theycollide withthe bed surface. Therefore, the frictmrefficientcan be expresdas

_Ff — rsmsus
m=—-=

W (r,- r)e/, @19

A simplechoiceof the entrainment probability of bed load partiage$ound in Wu

and Lin (2002) with the following expression:

P=05. 05 In(0.044C /t.) |, Xpi'e'ggn(o.044cL /1.)eh 220
|In(O'O4LCL It. )| ipe 0.724 v

We assumed the particle nai mnreeuiliériuml y o

transport state, EqZ0 becomes:
dg, _¢€ q 2
rsub_b:é‘B-tfb-(rs_ /‘W)g_bnnP (221)
dx & U,
with the analytical solution:

gy = t— [1- exp(- kx| (2.22)

1
Therefore, the adaptation length candieained. We uséhreesets of data from Jain
(1992) and Bell and Sutherland (1988)verify the current model. We also @tse three
formulas andcalculate the nowequilibrium bed loadadaptation length: Phillips and
Sutherland (1989), van Rijn.987) and Armanini and DOlgo (1988). Then he non

equilibrium sediment transport model is appliec series of darbreak experiments on

mobile beds reprted in Spinewine and Zech (2008)d Fraccarollo and Capart (2002)
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The water surface and bed surface profiles are recorded by high speed camera in both

experiments and therefore can be used to verify the simulation results.

2.2.2.3. Results

The comparisn of the norequilibrium bed load adaptation length calculated by the
formula in the current study and the selected formulas in the literatures are plotted in
Figure 3 along with the measured values from Jain (1992) and Bell and Sutherland (1983).
The simulated and measured water surface and bed profiles att=0.25s,0.75sand 1.25 s
for all thirteen different configurations in the experiment of Spinewine and Zech (2008)
are plotted in Figure 4 to 16. The simulated and measured water surface andfitesd pro
att = 0.5 s, 0.75 s and 1.0 s in the experiment of Fraccarollo and Capart (2002) are
plotted in Figure 17.The distribution of norequilibrium parameters for configuration a)
are plotted in Figure 18. The comparison of simulated results froreaqolibrium and
equilibrium model for configuration a) are plotted in Figure 19. The sensitivity analyses
of the norequilibrium parameters are plotted in Figure 20 and 21. The simulated results
with and without the suspended load model are plotted in F2Rwré'he comparison
between the calculated and measured bed load layer thickness att =0.25s,t=0.75 s and

t = 1.25 s for all thirteen configurations are plotted in Figure 23 to Figure 35.

2.2.2.4. Conclusions
The findings of this study are:
a) The nonequilibrium bed load transport process was investigated and a formula

was proposed to calculate the reguilibrium bed load transport rate. The proposed
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formula yielded a better agreement with the experiment data. More importantly, the
proposed formula as able to catch the trend that the bed load adaptation length
decreased when the shear stress increased, which is noticed by Jain (1992) in his
experiment but was not predicted by any of the existing formulas.

b) The proposed neequilibrium bed load trasport model and the nen
equilibrium suspended load model proposed by Brown (2008) were implemented in the
nontequilibrium model for the simulation of sediment transport in unsteady flows over
mobile bed. This noequilibrium model was applied to a serief d@ambreak
experiments reported by Spinewine and Zech (2008). The comparison of the measured
and simulated results showed fairly good agreements. The scour holes recorded at the
first time instant after the experiment was commenced were attributed ttréime
vertical flow velocity at the wave front and cannot be simulated by thaliomensional
model. The stepvise bed profiles experienced a structural failure when a large shear
force was exerted and the sediment transport rate cannot be calculatdte by t
conventional sediment transport formula. Regardless theqoifibrium transport model
was a promising method for simulating sediment transport over mobile bed in transient

flows.

2.2.3. Manuscript 3: Simulation of Unsteady Flow and Soil Erosionigation
Furrows

2.2.3.1. Data used
The data sets used to verify the figmain sized soil transport formula (modified

Laursen (1958) formula) includes the measurements of flow hydrograph, flow depth,
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infiltration, sediment concentration and sediment digghdydrograph in irrigation flow
experiments conducted in Kimberly, Idaho and the flume experiment conducted by the
authors. A total of nine runs were performed in the field experiments, each consisting of
measurements taken at four locations uniformstriuted along the furrows. A total of
eleven runs were performed in the flume experiment, six with clear water inflow in the
upstream and five with sediment fed at saturated sediment transport rate in the upstream.
The velocity, flow depth and sedimemansport rate for both suspended sediment and
bed load sediment were measured during the experiment. The KimberlgXpgdment

wasalso used in the verification of the unsteady model for the irrigation furrows.

2.2.3.2. Methods
To account for the effés of both sediment transport and infiltration to flow, the

governing equation#n this study can be expressed as (see appendix B for variable

notations):
u(rA) N uWrQ) 4 u(ryA) _ riL (2.23)
Mt HX Mt
u p_é Q25 Mz, 1 p n2Q|Q| ;
Plro)+ Lt =a+raA= +=-gAh. == + 1 =-riL 2.24
ut(Q) W?Ag P 2 g T (229
Hiac)+H(oc)=s 2.25
Ht( ) uX(Q) (2:25)

To determine S, we needs to calculate the total sediment Idhd equilibrium

state, which can be related to the sediment transport capacity by:

_Gs

"o (2.26)
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The modified form of the Laursen (1958) formula (Strelkoff and Clemr2605s)

is adopted in this study, which can &epressed as:

a 1‘ yg
—ooni % 18 582Fae—o (2.27)

S

As tothe infiltration module, the authors selected the eiggdi Kostiakov (1932)
formula to derive a curve of infiltration depth versus time, based on which the infiltration
depth can be calculated at any given time:

z=kty, (2.28)

The authorsised observations from both laboratory flume experiments and field
experiments to verify the modified Laursen (1958) formula. The soil mateséal in the
flume experiment and field experiment drem a furrowirrigated field at Kimberly,

Idaho, therefoe the results can be compared on a same bBsis. series of flume
experiments were conducted. The 1st series of experimental runs have a clear water
inflow without feeding sediment at the flume entrance. For tMesgries of runs,
sediment was fed manlyalat the inlet at a constant rate equal to the erosion rate in the
1st series of runs, to mimic the equilibrium sediment transport condifidres.field
experiment usethree furrows, whictwere irrigated with clear water at three different
dischargeswith each of the discharges repeated three times on three differenThays.
suspended loadyed loadand the total load sediment transport rate aeasured in the

flume experiment, which can be summed up to calculate the total sediment transport rate.

The discharge, infiltration volume and sediment loss as® measurediuring the field
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experiment.The sediment transport rate are calculated by the modified Laursen (1958)
formula using the flow properties measured in the experiments and then compaeed to th
measured sediment transport rate to test the applicability of the formula.

The field experiment was also simulategingthe numerical model in the current
study. The simulation reach was uniformly divided into 20 reaches with a total of 21
cross sectiom A flow hydrograph was generated corresponding to thefttime in the
experiment, and used as the upstream boundary condition for flow. The time step for flow
simulation was 0.3 s. The sediment concentration was assumed to be zero at the upstream
boundary. The initial condition was set as a uniform flow at a threshold discharge. A
minimum flow depth of 1 mm was assumed in the model to avoid -aettycondition.
The sediment transport model used the meal
shear sessand the empirical constants in the Kostiakov formula were interpolated from
the experimental data. Naequilibrium sediment transport parameters are taken as 2.0.
The simulated results were compared to the measured data to test the applicabéity of th

unsteady model in simulating the flow and soil erosion in irrigation furrows.

2.2.3.3. Results

The size distribution obtained from the size analysis on Portneuf soil is plotted in
Figure 2. The regression analysis between the sediment transport rtite tardh related
to the shear stress from the flume experiment and field experiment is plotted in Figure 3.
The regression analysis between the sediment concentration to the term related to the
shear stress is plotted in Figure 4. The comparison betweegatbulated sediment

transport rate with modified Laursen formula and the measured sediment transport rate is
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plotted in Figure 5. The regression analysis between the sediment transport rate and the
shear stress from the flume experiment and field exgerins plotted in Figure 6[he
comparison of calculated and measured advance time is plotted in Figure 7. The
comparison between the simulated and measured flow hydrograph for the three different
inflow rates are plotted in Figure 8 to 10, and the corsparpf the sediment discharge
hydrograpls are plotted in Figure 11 to 13. The calculated sediment discharge
hydrograph is also plotted against the measured values in Figure 14. The measured data
for the flume experiment are tabulated in Table 1 and 2.nTéesured data for the field
experiment are tabulated in Table 3. The simulated and measured data are also tabulated

in Table 4.

2.2.3.4. Conclusions

Themajorfindings of this study are:

a) The modified Laursen (195&8rmula showed reasonable agreemesetsvben
the predicted and the measured sediment discharges from bothrtdve dind the flume
experiments, which showed the applicability of the formula in predicting thegfaia
sized soil transport capacity in both the laboratory and field cases.

b) The simulated advance time and flow hydrographthe Kimberly furrow
experimentagreed well with the measurements, and the simulated sediment discharge in
general matched the measurements with some discrepaHoeg\er, the measured
sediment discharge slveda decreasing trend after a peak was reached shortly after each

experiment starts. The current model does not predict such a decreasing trend. The
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reduction of sediment discharge as flow reached the steady state is likely due to the

armoring of bed sualceand also excessive local scour at the furrow entrance

2.3.Uniqueness of Study

The uniqueness of the three manuscripts is as follows:

a) The first manuscript provides a quantitative evaluation of several popular
numerical schemes used for the numéstaulations of unsteady flow over mobile bed
due to sediment transport, which can be used as a reference for selecting numerical
schemes for similar models. The feasible ranges of thesqoitibrium parameters are
discussed in the paper, which providgsdelines for estimating the parameters in the
nontequilibrium model. The impact of those requilibrium parameters on the modeling
results are exploited by sensitivities analyses, which also provides insights into the
structure of the numerical modetstture and guidance in selecting values of the- non
equilibrium parameters.

b) The second manuscript developed a novel physically base@quilibrium
bed load transport equation for determining the-eguilibrium bed load adaptation
length. The author@nts out the dual role of the naguilibrium bed load adaptation
length in the bed load transport process described by bed load transport equation and in
the physical norequilibrium bed load transport process, and proposed a definition for the
bed loadadaptation length compatible with both processes. The development of the non
equilibrium bed load transport layer is proposed as a result of momentum increase
induced by the near bed shear stress, which is in turn linked to the saltation process in the

bedload layer. The saltation theory developed under the equilibrium state is extended to
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the nonequilibrium state by introducing additional assumptions regarding the shear stress
at the bed surface and the friction effect linked to the collision of thelpartvith the
bed surface during the saltation process. The forces contributing to the momentum
increase are proposed to be related only to the particle being lifted off from the bed
surface, the ratio of which is proposed to be related to the entraipnodability of the
particles. The proposed formula is superior to several existing formulas by obtaining a
better agreement with the measured bed load adaptation length in laboratory experiments.
The proposed noeaquilibrium bed load transport theory prdes a clear picture of the
nonrequilibrium bed load transport process, based on which a series of experiments can
be designed to verify the theory.

¢) The third manuscript employs a full hydrodynamic model which considered the
effect of sediment transpoand infiltration. Consequently the model can be used for
irrigation flow in various furrow configurations. The flume experiment and field
experiment data adds the credibility of the modified Laursen (1958) formula in
calculating the finggrain sized soitransport capacity, and possibly reveals a major factor
that determines the transport capacity of the-§reen sized soil. The comparison
between the simulated results and experimental measured indicates a potential process
associated with the decreasiofjthe sediment transport rate in steady flow, which is

worth further investigation.

2.4. Concluding Remarks and Future Study

This section summarized the limitations of the current study, and potential

improvement that can be made in the future studychvaie as follows:
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a) The limitation of first study lies in two aspects: firstly, the numerical schemes
we tested are for the discretization of flux terms. The source terms are proved to be
important in the numerical study and should also be investigatad.is particularly
important in the simulation of mobile bed problems. Secondly, although we have tested a
few numerical schemes in this study, there were many others remained to be tested and,
and to be constructed for different problems. It is impdssamd unnecessary to test
every possible numerical scheme in the literature. The shallow water system is a
hyperbolic system that favors the numerical schemes which is biased in the direction of
wave propagation. Therefore, a numerical scheme shouldis&rected for such systems
rather than adopting any of the existing schemes.

b) The Ilimitation of the second study lies in several aspects and further
improvements should be considered: Several assumptions were made in the study and
should be further judted in the followup studies: 1) The shear stress at the bottom can
be quantified using the value at the equilibrium state in theegoribrium bed load
transport state; 2) There are multiple time scales in the development of the non
equilibrium bed lod transport profile, and the time scale associated to the acceleration of
a single particle is much smaller than the time scale for the development of the non
equilibrium bed load transport profile; 3) The friction coefficient for the bed load layer
can beevaluated with the value at the equilibrium state during the development-of non
equilibrium bed load transport profile (assumption 3 is valid if assumption 2 is approved).
In the other hand, the current model is limited to the grain scale, in which tne-scale

geometric irregularity, such as bed forms, or uneven topography in natural streams,
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cannot be accounted. It is also limited to the application of uniform-gizéa sediment.

The nonrequilibrium theory in the presence of masale bed forms anhnontuniform
sediment should be investigated. Furthermore, the conceptual model-egubhrium

bed load transport model in this study provides a clear picture of thequalibrium bed

load transport is proposed in this study, thus more testablecfiwad can be produced

with this model such as the change of shear stress with distance and time, the change of
vertical sediment flux with distance and time. Modern experiment techniques can be used
in the experiments of sediment transport in the-egulibrium transport condition to test

the predictions by the proposed requilibrium bed load model. Those studies can be
used to establish a complete physically based theory of -walieced bed load transport

in boundary layers.

c) The limitation of thethird study lies in several aspects: the amount of data sets
used to verify the modified Laursen (1958) formula is limited. More experimental data
can be added to improve the credibility of the formula. The infiltration formula we used
is an empirical dathased formula. More advanced infiltration model can be employed to
strength the unsteady flow and sediment transport model. The sediment load hydrograph
showed a distinguishing feature that the concentration of sediment load gradually
decreases after ieaches a peak value shortly after the irrigation starts, while the flow
discharge monotonically increasentil a steady state is reached. There might be two
possible causes: a surface armoring effect and the jet inflow induced local scour. This
indicatesanother factor that affects the erodibility of fine graired soil particles, which

can be further investigated.
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Abstract

A one dimensional (1D) finite volume model was developed for simulatisgeady flow, such

as dam break flow, and flood routing over mobile alluvium. The governing equation is the
modified 1D shallow water equation and the Exner equation that takesbbdttoadand
suspended load transport into account. The-etpnlibrium sediment transport algorithm was
adopted in the model, and the van Rijn method was employed to calculattieadransport

rate and the concentration of suspended sediment at the reference level. Flux terms in the
governing equations were discretisgging the upwind flux scheme, Harten, Lax and van Leer
(1983) (HLL) and HLLC schemes, Roeds witke he me
the Double Minmod and Minmod flux limiters.. The model was tested under a fixed bed
condition to evaluate the periance of several different numerical schemes and then applied to
an experimental case of dam break flow over a mobile bed and a flood event in the Rillito River,
Tucson, Arizona. For dam break flow over movable bed, all tested schemes are proved to be
cgpable of reasonably simulating water surface profiles, but fail to accurately capture the
hydraulic jump. The WAF schemes slightly produce spurious oscillations at the water surface
and bed profiles and overestimate the scour depth. When applying thetontigeRillito River,

the simulated results generally agree well with the field measurements of flow discharges and
bed elevation changes. Modeling results of bed elevation changes are sensitive to the suspended
load recovery coefficient and theed loadadaptation length, which require further theoretical

and experimental investigations.

keywords finite volume method, fluvial process, shallow water equation, Godunov method,

numerical scheme, neequilibrium sediment transport
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Introduction

Numerical simtation of unsteady flow over mobile bed (e.g. flash flood, dam break flow)
is theoretically challenging and practically important. Flash floods from extreme precipitation
events in ephemeral streams are the major cause of sediment transport and chamoébgror
changes (Coppus and Imes@02). For example, Polyakov et al. (2010) found that 10% of
rainfall events with largest sediment yield produced over 50% of the total sediment yield during
a period of 34 years in eight watersheds in southern AriZdam failure can also produce a
flash flood well beyond the natural flow regime, which can cause intense sediment transport and
significant geomorphic changes to the channel (Brook and Lawi€9&. Numerical model is
a useful tool for understanding andegicting the characteristics of transient flow processes.
However, previous models simulated sediment transport in unsteady flows either calculated the
long-term channel deposition or erosion using quensteady or unsteady approachiem(1987;
Hardy etal. 2000; Deletic2001; Duan and Nanda 2006; Chen and Duan 2008) or limited their
applications to the laboratory experimen@rgqtogino and Holz1984; Park and Jairi937,
Bhallamudi and Chaudhrd991; Minh-Duc and RodR008).

Few researchers have reportee simulations of flow with discontinuity or large spatial
gradient over mobile be@apart and Youn998; Fraccarollo and Capa002; Cao et al2004;
Wu and Wan@2007). Capart and Youn§1998) applied the upwind scheme in 1D numerical
model and theiresults matched well with the experimentally observed water surface profiles and
bed elevations, which showed the applicability of upwind scheme in simulating dam break flow.
Fraccarollo and Capaf2002) used the approximate Riemann solf@r the unstedy shallow
water equation. However, their model over simplified the sediment laden flow by assuming an

upper pure water layer, an intermediate watstiment mixture layer of a constant sediment
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concentration, and a lower sclite motionless layer, whicheglected the interaction between
suspended load arekd load Cao et al(2004)calculated a dam break flow over an erodible bed
using Weighted Average Flux (WAF) approximate Riemann solver and SUPERBEE flux limiter
to achieve the second order accuratypace, but their study only considered the transport of
suspended load. Wu and Wa2§07)have taken both suspended load bed loadnto account
in the simulation, and developed 1D finite volume model with an explicit Godiypavupwind
flux schemehowever, their model was only the first order accurate in space. Numerical schemes
used in these models include the upwind flux scheivieg et al.2004; Wu and Wan@007)
HLL and HLLC schemesHarten et al.1983; Toro et al.1994) , Ro e 6 sRoesl®8h e me
GarciaNavarro and Vazque€endon2000), and WAF scheme (Torb992). Except the WAF
scheme is of % order accuracy, the rest ar& drder accurate. Although higher order schemes
often yield more accurate results, their results often have spuriouktostd so that a total
variation diminishing (TVD) flux limiter needs to be employed to suppress such oscillations.
Sanders and Bradfor@006)tested several limiter functions by simulating solute transport and
found these limiter functions performed fdifently in controlling numerical dissipation. Up to
now, the performances of these numerical methods have not been evaluated in simulating flow
and sediment transport over mobile bed.

In addition to numerical schemes, sediment transport in unsteadyislowsequilibrium,
which means sediment transport lags instantaneous flow field due to the inability of sediment
motion to immediately response to changes in flow (Phillips and Suthefl&é8@). The
suspended load recovery coefficient and libd loadadatation length are commonly used to
account for the noequilibrium transport of suspended load &ed load respectively (Wu and

Wang 2007). Although many researchers proposed formulas to calculate theguotibrium

(
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adaptation length and the recoveogfficient for their numerical models (Armanini and Disilvio
1988; Celik and Rodi 1988; Rahuel et al. 1989; Holly and Rahuelal38flly and Rahuel

199(; Zhou and Lin 1998; Belleudy 2000; Chang and Yen 2002; Cao et al. 2004; Duan and
Nanda2006; Wu and Wng 2007), no consensus has been reached among researchers. This
study estimated thbed loadadaptation length by Duan and Nanda (2006) and the suspended
sediment recovery coefficient by Rahuel et al. (1989), which have been approved valid-for non
equilibrium sediment transport simulation. Since the current research is focused on the
performance of different numerical schemes, discussions of different methods in simulating non
equilibrium sediment transport are not included in this manuscript.

This paper ens to examine the capability of various numerical schemes in finite volume
model for simulating the unsteady flow over mobile bed due to sediment transport. The study has
applied for der upwind scheme, HLL and "™artdet \ WAFs c he me
schemes for the spatial derivatives in 1D FVM model. The model is used to simulate laboratory
experiments of unsteady flows over fixed and erodible beds and then a flash flood event in the
Rillito River, Tucson. The performances of these schemes areatadloy comparing the results
with the laboratory and field measurements. The lag effect of sediment transport in unsteady
flow is accounted by implementing nequilibrium sediment transport models for both

suspended load areéd load

Mathematical model

Governing Equations
The governing equation includes the St. Venant equation modified by treating the density

of sediment laden flow as a variable (EQ)las well as the sediment mass conservation equation



68

(Eq.3) and the Exner equation (Eqg.4). Eq.5 isdtve the norequilibrium sediment transport

rate assuming that theed loadtransport rate reaches equilibrium after a distance, named as the
recovery length, while the nesquilibrium suspended load is accounted by employing an
empirical adaptation coedfent for suspended load (Duan and Na@@a6). Figure 1 showed a
typical cross section with movable bed in which an active entrainment and deposition occurs at
the surface of movable bed layer. The mathematical equations are listed below similarito those

Wu and Wand2007)

u(rA) , u(rQ) , WruA) _

1)
TR t o
M ﬁéerc”) Wz, 1 w nZQQ:
QB A B OA I e =0 @)
u W
—(AC)+—(QC)=BIE- D 3
ut( )+UX(Q) (E- D) (3)
£5%6+M_Qb:1 - 4
B, 8 ~(Qy- Q) (4)
(1- pm)%" B(D- )+ (0 - Q) (5)

where t=time; x = longitudinal coordinate; A = flow area; Q = flow discharg§e= mobile bed

area; g = gravitational acceleration,= wat er surface el evation;

hydraulic radius; C = concentration of suspended load; B = width of the cross section; E =

entrainment rate at the interfacevweenbed loadand suspended load; D = deposition rate at the

interface betweeimed loadand suspended load; L = nenquilibrium adaptation lengthf).,

bed loadtransport capacity under equilibrium sta€g, = actu& bed loadtransport ratey
density of the watesediment mixture, where = rw(l- Ct)+ r C,, wherer ,andr are the

density of the water and sediment, respectively, @nthe volumetric concentration of total

n
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load sediment, calculated & =C+%; r, = density of mobile bed layer, calculated as

ry=r,Pnt rs(l- pm), with p,,,being the porosity obed loadsediment;h, = averaged flow

depth in a cross section, equivalent to the local flow depth in a rectangular flume.
Model Closure

To close the sediment model, an empirical sediment transport formula for calculating the
equilibrium sediment transporart e i s requi r ed. This study as
(1984a; 1984b)s valid for approximating the equilibrium sediment transport rate; though the
method may require further investigations into its applicability to rapidly varied unsteady flows,
swch as dam break fl ow. More details about th
(2001) Since the van Rijnés approach did not
transport rate, W({2004)suggested to modify the effective shear stressthais¢he bed slope as

follows:
t. =t.'+t. [/ sinj /sinf (6)

el if/ ¢0

|
/ = 8. g ™

*

1 02288 expl2sin/ /sinf) if j >0
i Glec =

QOO

*c =
where t, = effective dimensionless shear streés: = dimensionless shear stress without

considering the effect of bed slope; = Shields parametey; = bed slopef = repose anglefo

the particle.

Numerical Scheme
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The density of the mixture and that in the stationary bed can be expressed as
r= rw(l- Ct)+ rC, r,= rw(l- pm)+ r{p,,. If only the suspended load is being simulated,

or thebed loadransport velocity is close to tlilew velocity, Eq.1 to 4 can be reformulated as:

PALIQ_ 1 81l _EP

it 1 p 6 (@ Q)+BD-E)y (8)

£+£éQ_26:- A&_l Ah Moo gn2 Q9

TRET TN SRR RGP s 9)
_Qrs-rug, G @1 _g)?

A rw ? 1- pm%L(Qb* Qb)+B(D E)H
&(AC)+§(QC)= B(E- D) (10)
&a%§+ uuQxb :Li(Qb* - Qb) (11)

GYb ~+ 0

The governing equations, Eg.10 to 13, can be written in the vector form as follows:

PE W) o) (12)
I pt MX
where
A o €Q o
e u (ST} u
=6 0 rE)=R/A
éAC U &QC U
& u e u
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él_ pmeLO u O
é . 3 y
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_€ gA™=- —gAh = - gn - =ls - ~(Q, - Q,)+B(D- E)S
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WhereS(F) are source terms E@4, respectively. The Godundype finite volume method

(Godunov1962; Toro2001) evaluates the value ¢f at timen+1 using the value at time

a
F in+l = Fln +%%:1 ) Fi?

1
c 2 2

|-O00O

+Dt® (13)

- o
where subscript represents the node, subscmptE represents the east or the west cell face,

superscript n and n+1 present the current and the future time level, respe@ivelyne step;
Dx =distance between two cross sectidass intercell numerical flux at the cell fac& =
source terms. Different choices of the flex will result in different numerical schemes. Several
numerical schemes are implemented in the model and presented in the following sessions.
Upwind Flux Scheme

The oneside upwind numerical flux can be written in a general form as seen in Ying et

al. (2004):

2

u

u

U (14)
u

u

a

where k =0ifQ >0andQ,, >0; k=1 if Q <0 andQ.,, <0; k=1/2 otherwise. Other forms of

the upwindbiased flux can also be constructed by linear interpolation using adjacent nodes
according to the flow directiofVergeeg and Malalaseke2®07).
HLL and HLLC Scheme

Following the HLL approximate Riemann solv@farten et al.1983), the numerical

flux is evaluated as:
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eF, ifS 20

)\
FL=lpm SR SFrSSE ) g goes, (15)
A S-S

| F if S, ¢ 0

where S, S; = the speed of the fiegoing and righigoing wave, respectivelyF, ,Fq, F" =
intercell flux at different regions, respectively, as shown in Figure 2. A modification to the HLL
Riemann solver, called HLLC approximate Riemann sol@@ro 2001), is needed when
addtional transport equations are to be solved together with the shallow water equations. The

HLLC approximate Riemann solver evaluates the flux as:

;éFL ifS 20
e AR =R +S(F.-F)) S ¢0¢S s
1 |
*; TFr=Fr+Si(Fuq- Fg) ifS ¢0¢S,
f Fr if Sx ¢0

where S. = the speed of the middle wayvF. ,F.; = intercell flux in the middle region (See

Figure 2). HLL and HLLC approximate Riemann solver is generally considered the first order
accurate in space.

Roeds Scheme

The Roebs scheme (1981) i s a evelopedef@ solvingetde Ri e m
Eul er equation in his original work and | at e

scheme evaluate the numerical flux at the intercell faces as:

FH% LE+F,)- WGDF

(17a)

with

DF:FM-Fiamﬂﬂ:QEw4 (17b)
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Where‘f‘ = diag(/k), R={el,g,..a(}, and/  is the k' eigenvalues of the Jacobian matrixe),
is the K right eigenvectors of J, expressed as:

J= WiF) (F) (17¢c)
V=

Strictly Speaking, the characteristic structure of governing equations for flow over matsle be
(Eq.1 to EqQ.2) are different from the flow over fixed beds (for exanpde, 19 in Garcia
Navarro and VaguezCendon200 0 ) . This study assumes the
applicable for flows over mobile beds.
Weighted Average Flux (WAF) Scheme

WAF scheme(Cao et al2004; Toro2001) is based on the local solution of the Riemann
problem. To eliminate spurious oscillations, a total variation diminishing (TVD) constraint can

be added to the basic WAF scheme. The resulting TVD WAF flux is as follows:

1 1N
F i ZE(Fi +F,,)- Ea SIgI’(Ck)AkDFiEE) (18)
k=1 2

i+E
wherec, = Courant number for wave k, defined qs=%,(k =L,R), DF'("l) = flux jump
|+E

across wave k, anéd, = a WAF flux limiter function, and can be easily transformed from the
conventional limiter function by the following expression:

A =1- (1' |Ck|)/ k (19)
Where/ , = a conventiaal limiter function. Sanders and Bradfof@006) compared several

commonly used limiter functions and suggested the use of Double Minmod limiter (DMM)
(Sanders and Bradford006) in scalar transport and shallow water cases over other limiter

functions sub as Minmod (MM)(LeVeque2002) and Superbee (SB) limitdLeVeque2002),
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claiming that DMM is less dissipative than MM while it does not suffer from slope amplification
as SB. Both the DMM and MM limiters will be tested in this study.
Source Term and Boumlary Condition

Source terms in shallow water equations include the terms that account for the effects of
friction, bed slope, bed elevation changes, gradient of flow density, sediment entrainment and
deposition, and the deficit dbed loadtransport ratesn nonequilibrium. When sediment
transport is present, additional terms accounting for the density change ofsediteent
mixture need to be added into the governing equations. And, they are generally viewed as source
terms. Various techniques for distizing source terms have been proposed. Ying ¢2@04)
reported that the upwind method for discretizing gradient terms results in an unstable solution.
Although the downwind method results in a stable but-diféusive solution, this study adopted
this downwind scheme for discretizing source terms. G&dawiarro and VasqueZendon
(2000) discussed two approaches to discretize the source terms, i.e., theigoepproach and
the upwind approach, and suggested that the use of upwind approacto ldsl€xact results
when simulating the still water in a fixed channel with variation in bed elevation and width.
However, the numerical tests showed that the upwind approach failed to preserve the smoothness
and overestimated the scour depth in a simaradf dam break flow over mobile bed. Because
of this, the pointvise approach is used in this study.

The characteristic structure of the shallow water equations require two additional physical
relations to serve as boundary condition at the upstrearthardbwnstream ends of the domain.
A flow hydrograph is a natural choice for the upstream boundary condition whenever available,
and a dischargelevation relation curve is usually specified in the downstream boundary. When

solute transport is considerame additional boundary condition is needed for each boundary. In
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the simulation of sediment transport process, equilibrium transport is commonly used as an
assumption if no observation data of sediment concentration is available (Duan an@00hda

Chenand Duar008).

Model Test

Case 1: Dam break flow in frictionless horizontal flun{g/u 2008)

The various schemes were tested by simulating dam break flow in a straight rectangular
channel with a horizontal bed. The channel is 1200 m long with a daredceta500 m from the
upstream end. Water in the reservoir is 10 m deep, while the initial water depths are 1 m and
0.001 m respectively at the downstream end representing wet and dry bed conditions. The dam is
assumed to be instantaneously and completiyoved at the beginning of the break. The
channel is set to be sufficiently wide so that the flow is uniform along the transverse direction
and an analytical solution for the frictionle
the smooth bedind the length of each computational cell is 10 m. The computational time steps
are 0.6 s and 0.3 s for the wet and dry bed cases, respectively. Figure 3 shows the comparison of
water surface profiles simulated by Godusigpe finite volume method with éflux term
di scretized by the wupwind flux scheme, HLL s
DMM and MM flux limiter functionThe theoretical solutiofToro 2001) at t = 30s after the dam
failure in case of a wet bed at the downstream of the dam isladsen in Figure 3. Figure 4
shows the similar comparison but on a dry bed.

Figure 3 shows that these five schemes can reasonably predict the propagation of the dam
break shock wave advancing on a fixed bed channel with some slight variations. The upwind

flux scheme slightly ovepredicted the speed of the wave front, while the rest, all of which are
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evolved from the original Riemann solver, captured the wave front quite nicely. From the results
of the wet bed case, it can be concluded that the upwindsflneme the HLL scheme and the
Roeds scheme, which are of first order accura
in the smearing of the wave front. This numerical diffusion can be reduced by implementing the
secondorder numerical flux withauadding spurious oscillation through the use of a TVD
limiter such as the MM Ilimiter and the DMM limiter. In the dry bed case, Figure 4 shows that the
numerical tests with all tested schemes converge to the theoretical solution. The MM limiter was
reportel to be the most dissipative among all TVD limiters tested in the study of Sanders and
Bradford (2006) In the presence of very sharp gradient, the more dissipative schemes are
advantageous in maintaining the stability of the numerical model but will dtdfa the loss of
accuracy. In the other hand, the less dissipative schemes, which usually yields better accuracy in
the presence of sharp gradient, might suffered from spurious oscillations, which cause the
instability problems in the presence of veryadinlow depth. This test shows the applicability of

all the schemes in the fixed bed flow simulations.

Case 2: Dam break flow on mobile bé@apart and YoundlL998)

The developed model is also applied to simulate a laboratory experiment conducted by
Capartand Young1998) The experimental flume is 12 m long, 0.7 m deep and 0.2 m wide. The
mobile bed reach is 1.2 m long and 6 cm thick. Bed material is light weighted uniform spherical
polymers with a diameter of 6.1 mm and specific weight of 1.048. Thedltity at 23°C is
7.6 cm/s. The sediment porosity is assumed to be 0.28 following the estimate of Wu and Wang
(2007) The initial flow depth is 0.1 m at the upstream, and is set to 0.0005 m in the downstream
channel boundary to approximate the dry beenario. The grid spacing is 0.005 m, with a total

grid number of 240. The simulation time step
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as 0.015. Thebed loadadaptation length and suspended load recovery coefficient, which
accounts for the eftcts of norequilibrium sediment transport, were considered as model
calibrated parameters. The suspended load recovery coefficient is chosen as 2.®eddoide

adaptation length is chosen as 0.20 m for an initial simulation. The simulation wasngérfor

with the numerical flux evaluated using (a) upwind flux scheme, (b) HLLC approximate

Ri emann solver, (c) Roebs approxi mate Riemann
limiter function, and (e) WAF scheme with the MM limiter function. Source termes a
discretised using the powmtise method. The simulation results are plotted in Figure 5 to
compare with the experimental measurements. The simulated and experimental results were
compared att=0.4s.

Figure 5 showed all of these schemes can appraaiyneapture the dam break wave as it
propagates downstream. The surface and bed profiles simulated by WAF scheme shows slight
oscillations and oveestimations of scour depth on both sides of scour hole. The location of the
wave front calculated from thérst-order upwind flux scheme are slightly ahead of those
calculated by using other approximate Riemann sddased schemes. All the schemes have
failed to predict the location of the hydraulic jump, and also underestimate the scour depths. Wu
and Wang(2007)al so reported that the van Rijnoés for
unsteady sediment transport process, and they suggested a modification on bed shear stress.
However, such a modification lacks solid theoretical basis. This inaccuracy reayses by the
selected sediment transport formula. The improvement of accuracy by using-dridger
numerical flux in the model is limited, which indicates that the excessive numerical diffusion in

the first order flux term is not a major source of emqgoractical shallow water flow simulation.
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Discussion on the adaptation parameters for noequilibrium sediment transport

The adaptation length L fdred loadtransport and the suspended load recovery coefficient
U are wused t o ac c o-equitbriumdransporthrae ot dedineesttwhichaf n o n
functions of bed shear stress, mobile bed resistance, bed forms, sediment size didaddtion
Duc and Rod2008). Currently no physically based equation is available for estimating the non
equilibrium sediment transport parameters from flow and sediment properties. Therefore, these
parameters are chosen empirically as model calibration parameters.

The adaptabn length is defined as the distance required fob#tkloadransport achieves
the equilibrium transport state, which is related to the vertical flux of sediment betwdssdthe
loadlayer and immobile bed materials. Previous studies employed theatdapength ranging
from the size of particle diameter to flow depth. For example, Phillips and Sutherland (1989)
used the average grain step length ashtek loadadaptation length, which can be taken as 16
times the particle diameter over horizontatib€Fernandezuque and van Beek976), or the
length of the dunes when dune is the dominant bed form (van Rijn 1984). Bell and Sutherland
(1983) suggested the adaptation length is related to the magnitude of the depth of scour hole.
Based on these findisgthe feasible range of theed loadadaptation length is about 0.04 m
(order of sediment size) to 0.8 m (length of the dunes). In the sensitivity analysis, both the
surface and bed profiles calculated with L = 0.05 m, 0.20 m and 0.80 m are plottedngadecb
with the measurements at t = 0.4 s in Figure 6. It is apparent that these profiles are sensitive to L,
smaller values of L yield larger scour depths, especially at the upstream side of the scour hole,
which causes the hydraulic jump moving furthgrstueam. This observation is physically
reasonable because as L gets smaller, more sediment particles are entrained at per unit length of

the channel, indicating larger amounts of erosion.
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On the other hand, t he susperatidefthenedbedd r eco
and the average concentration of suspended 1| o
profile of suspended load. Duan and Nanda (2006) assumed the validity of Rouse distribution in
the unsteady flow simulation, and thea | ue of U calculated from
approximately 12.0. Nonetheless, a much smaller value of 2.0 was used in Wu and Wang (2007).
Therefor e, the feasible range of U is assume
usi ng U0anrd12.0 viete platted in Figure 7, which shows that the simulated profiles are
also sensitive to U. Smaller values of U yiel
When U gets smaller, t he aver aged indicatmgpae nded
larger ratio of sediment concentration to transport capacity. Regardless, another major source of
error in simulating morphologic changes arises from the employment of an empirical sediment
transport equation, such as van Rijn (1984) trandpomula in this study, which may under
estimate the scour depth under a given unsteady flow condition. Therefore, the improvement of
simulation accuracy not only depend on the calibration of the empirical coefficients-in non
equilibrium sediment transpomodel but also the limitation of the adopted sediment transport
equation.

Case 3: A Flood Event in the Rillito River, Tucson

The Rillito River in Tucson, AZ is an ephemeral river flowing into the Santa Cruz River. In
July 2006, the USGS observed a recthow of 37,900 cfs at the Dodge Blvd in the river, which
exceeds the 10@ear discharge. Pefibod crosssection surveys indicated that the event caused
over 270,000 cubic yards of deposition in the twelve miles of the Rillito River above the

confluencewith the Santa Cruz RivglJE Fuller Hydrology and Geomorphology 1ri2006).

Field survey showed, in general, aggradations occurred on the floodplain and erosions in the
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thalweg. In a previous study (Duan et al. 2008), this event was simulated usiraj staazly or
guastunsteady flow model, such as HEAS quasiunsteady model. In this study, the
developed 1D FVM model was applied to simulate the same flood and the results were compared
with the results from HERAS unsteady or quasnsteady flow simiation.

The geometry data were obtained in a@vent survey conducted by JE Fuller Hydrology
and Geomorphology Inc(2006) and a total of 129 cross sections were surveyed in the
simulation domain from River Mile (RM) 9.8 to RM 0.67. The distance betweemronsecutive
surveyed cross sections is 5000 ft. Each cross section has about 80 to 200 surveyed
elevations. There are eleven bridges in the reach. The inflow hydrograph was provided by USGS
gage at Dodge Blvd between River Mile 9.70 and 9.69. iBhise closest hydrograph available
to the upstream cross section. Another USGS measured surface hydrograph at La Cholla Blvd at
RM 2.97, which will be used for model verification.

Surface and substratbed materials were sampled at the center of l4scsestions.
Surface material was sampled up to a depth-B€rh. Substrate material was sampled at the
same location but 30 cm below the surface. These samples were dried and weighed at the soll
laboratory at Civil Engineering Department at the UniversityArizona. Twelve sieves were
used, with sizes of 6.35, 4.76, 2.38, 2.00, 1.18, 1.00, 0.85, 0.50, 0.30, 0.25, 0.15, 0.08 mm. The
ASTM (American Society for Testing and Materials) standard sieving method was used to
determine the size fractions of sedimasamples. The characteristic sizes and do of the
surface samples are tabulated in table 1.

The total simulation time of the event is 198.5 hours, and the time step is 1 s for both flow
and sediment calculation. The flow hydrograph measured at DdddesBused as the upstream

flow boundary condition. Free flow condition was assumed in the last cross section, which
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calculates the rate of outflow based on the surface elevation at the previous time step. The flux
term was evaluated using upwind flux sofe for stability purpose. Since no sediment inflow
data is available, the sediment boundary i s

formula (1984a; 1984b) for both suspended load laed load Several other parameters are

needed aswel, suh as Manni ngds n -hedanddverage concentramon ofo o f

suspended load arzkd loadadaptation length. These parameters are estimated empirically or

calibrated using measured flow rating curves. Duan et al. (2008) suggested an azleragé v

n=0.04 during the flood event, which was ado

based on assuming the Rouse distribution f
corresponding to a discharge of approximately 10000 cfs. L istedlas L=400 ft, which is
approximately the distances between two consecutive cross sections. The range of these
parameters will be discussed and sensitivity analyses will be performed in the following section.
The simulated surface elevation at La Chdlad was compared with the measurements in
Figure 8, whereas the simulated bed elevation change after the event was compared with the
observed ones in Figure 9. Results of water surface elevations and change in bed elevations
obtained from HEERAS quasiunsteady model were also plotted in the Figure 8 and Figure 9
for comparison. The differences between the modeling results and the observed data were
compared in Table 2.

Figure 8 showed that the surface elevation profile calculated by this 1D FVM model is
slightly better in predicting the maximum surface elevation during the event tharRIAEC
quastiunst eady model . This model 6s r e-RASIquasi ar e

unsteady model. Both models predict reasonably well at small dischargesebptedict the

surface elevation at the peak discharge at La Cholla Blvd. Figure 9 and Table 2 showed this

ry.s

or

N
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model significantly improved the prediction of the averaged bed elevation changes having a
higher correlation and smaller errors. Even though ptieelicted average bed elevation change
from this model still deviates from the measurements considerably near hydraulic structures,
such as bridges and grade control structures. The impacts of such structures on the sediment
transport were not included this model.
Sensitivity Analysis

Results in Figure 8 and Figure 9 assumed M
0.04 for the entire event, which may not be valid for the entire simulated flow hydrograph.
Manningds r oughnes ggeasdedifoenrs devalop. An ifvérse walcdlatien ofh a
Manni ngos roughness by wusing the observed s
relationship between discharge and Manningos
as shown in Figure 10 and 1 Manningds roughness n was foun
when discharge increases from 1000 cfs to 30,000 cfs at Dodge Blvd, and decreases from 0.10 to
0.02 when discharge increases from 2000 cfs to 20,000 cfs at La Cholla Blvd. It is observed in
the postflood survey that the vegetation has been deflected or washed away in the flood. As

discharge increases, the submerged vegetation becomes less significant to the flow, resulting in

small er Manningdés n value. F i sudiaceeelevhtibn a8 bao ws a
Cholla Blvd using different Manningds roughne
The results in Figure 12 show that | arger Man
the peak flow but higher surfaceelat i ons at ot her discharges. \

roughness n also causes the del ay of the oc
roughness n is of great importance in correctly simulating the stage hydrograph. However, the

relationship betwe n Manni ngos roughness n and dischar
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guantify due to the presence of bed forms, vegetations, and extra resistance-$toganmm
structures as flow discharges varies.

The simulated bed elevation changes are sensitiveetodtio of the neabed and the
average concentration of suspendebded wad) ment
These two parameters determine the-aquilibrium sediment transport rate. As stated before,
there is no solid theoretical basig faccurately determining these two parameters. Therefore,
they are usually determined empirically or via a series of numerical tests. If the Rouse
distribution is valid, integrating numerically the Rouse distribution suggested the Rouse number
ranges from0.5 to 2.0 during this flood event,or r espondi ng to the val
approxi mately 3.6 to 22. Hi gher val ues of
negligible sediment | oad to the morphologic
5, 10 and 20. For theange of the value of L, there is, to our best knowledge, no satisfactory
theory which can be used for natural rivers. Wu (2008) suggested L is closely related to bed
forms, which is nearly the order to flow depth in laboratory experiments but is sigtlifica
larger in natural rivers. Wu (2008) also suggested that L value is dependant on the simulation
case and should be calibrated with measurement data. Other researchers linked L to the grid size
in their models. A natural limiting condition is to assuthe bed loadtransport achieves its
equilibrium transport rate at the next grid point, thus the value of L should not be less than the
distance of two consecutive grid points. Base on these studies, the feasible range of L is roughly
100 ft to 1000 ft inhis study. Thus, this study analyzes the sensitivity of these two parameters to
the bed elevation change after the event in hopes of better estimating these parameters. We
selected the value of L to be 200 ft, 400 ft and 800 ft in the sensitivity andljgisimulated

results are plotted in Figure 13 and Figure 14. Figure 13 indicated that at most locations the scour

1

u
U

Y
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depth increased as U decreased. This i s obse
indicate a larger carrying capacity of suspensediment in the water, primarily supplied from

the bed materials. Bed el evation change i s n
l ess sensitive at higher values of U. Smaller
by higher dscharges in the cross section. Therefore, suspended load transport becomes more
dominated compared to thed loadiransport. It can be seen from Figure 14 thatbéhe load

adaptation length does not influence the trend of deposition or erosion iratieetHout rather

amplifies the magnitude of deposition or erosion. The largebékdeloadadaptation length, the

smaller the rate of bed elevation change. Since the median size of sediment particle in Rillito
River is classified as very coarse sabheéd load transport is expected to be the dominant

transport regime, thus the bed elevation change is sensitive to L in the entire simulation reach.

Conclusion

A Godunovtype onedimensional finite volume numerical model is developed for
simulating dam breakdw over mobile bed. Several methods for calculating the numerical flux,
including the wupwind flux scheme, HLL/ HLLC sc
DMM and MM TVD flux limiter functions, were adopted in the model to evaluate their
applicability aml accuracy in simulating dam break flow and bed elevation change in flood
routing process. The sediment transport model solvesheotioadand suspended load transport
equation. The ncequilibrium sediment transport in unsteady flow was considered. The
discretised equations were solved by a timaching explicit algorithm.

The developed model was tested by simulating three cases: one is idealized dam break flow

in a frictionless horizontal fixeded flume, the second is the dam break flow over a mbbile
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and the third is an unsteady flow event in a natural river. The simulated results were compared to
the theoretical solutions or observed data. The -brgler scheme tends to provide better
accuracy and reduce the numerical diffusion so that minimthiegsmearing of wave front in

highly unsteady dam break flow. In the case of dam break flow over mobile bed, the upwind flux
scheme, HLLC scheme and Roeds scheme proved t
the simulated cases and the WAF schenmeeluced slight spurious oscillation and cestimated

the scour depth. Surface profiles from these schemes reasonably agreed with the experimental
measurements, while the scour depth was well underestimated. The cause of this underestimation

is uncertainbut it maybe to some extent an outcome of the sediment transport formula used. All

the schemes captured the propagation of the wave front satisfactorily, but failed to accurately
locate the hydraulic jump. In the case of unsteady simulation of flownataal river, the

simulated surface and bed profiles show reasonable agreement with data from the field survey,
and are superior to the prediction of HRAS quasiunsteady model. The bed elevation changes

are sensitive t o boholwninthesensitaity analgsis io the secoral mrati L ,
the third caseisTmerseeaobivioustgttembl |l er U va
di scharge, which indicates the sediment trans
regime wien the discharge increases. However, theparameter nomquilibrium sediment

transport model is merely a simplification to the complex-equilibrium sediment transport

process. Further investigation on the mechanism ofeqpilibrium transport pross as well as

more accurate sediment transport formula are perhaps the key to further improve the modeling

results.
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Tables:

Table A1. d50 and d90 of sediment samples in different locations
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Dodge Country Club  Campbell Mountain First Stone
d50(mm) 1.66 2.29 1.72 0.73 1.96 1.07
d90(mm) 8.77 13.54 4.46 1.94 7.89 5.67
Oracle La Canada LacCholla 1-10 West [-10
d50(mm) 1.34 0.62 1.46 1.47 0.81
d90(mm) 8.52 1.94 4.47 5.26 4.48

Table A2. Statistics of surface hydrograph and bed elevation change

Surface hydrograph

Observation HEC-RAS FVM model
Mean 2247.66 2248.26 2248.23
Standard deviation 1.93 2.08 2.07
Correlationcoefficient - 0.89 0.93
Mean Error - 1.13 0.96
Bed elevation change

Observation HEC-RAS FVM model
Mean 0.31 0.31 0.31
Standard deviation 0.73 0.73 0.73
Correlationcoefficient - 0.00 0.24
Mean Error - 1.01 0.88
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Figures:
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Figure A1. Schematic drawing of a cross section with a mobile bed layer
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Figure A2. Schematic drawing wave structure in HLL and HLLC approximate Riemarer solv

Left: HLL solver; Right: HLLC solver
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Figure A4. Comparison of numerical and exact solutions of dam break flow on a dry bed
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Figure A6. Sensitivity analyses of simulated results on bed load adaptation length L
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Abstract

A one dimensional (1D) finite volume method model was developed for simulating non
equilibrium sediment transport in unsteady flow. The governing equations are the 1D St. Venant
equation for sedimenaden flow and the Exner equation including both load and suspended

load transport. The Rouse profile for sediment transport was modified to consider the non
equilibrium transport of suspended sediment. The spatial lag between the instantaneous flow
properties (e.g. velocity, bed shear stress) andatieeaf bed load transport in unsteady flow is
guantified by using an adaptation lengthhich is derivedtheoretically by considering the
momentum balance of the bed load layer. This new method for calculating the adaptation length
was verified using datbom several recent experiments, and was shown to be superior to the
empirical formulas in a wide range of shear stress. Thesgaiibrium model was applied in the
simulation of a series of laboratory dam break flow over erodible beds and the simesdates r

were in agreement with the measurements recorded in the experiments.

Keywords:finite volume method, neequilibrium transport, adaptation lengtied loadlayer,

dambreak flow over erodible beds
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Introduction

Sediment transport in unsteadlpw is not yet well understood. Most of the existing
sediment transport formulas are for predicting equilibrium sediment transport in steady uniform
flow. A spatial |l ag exists between the fl ow
nonequiibr i um transport ef fect o, stemmi ng from
immediately respond to the changing flow condition (Phillips and Sutherland 1989). To better
simulate the process that the sediment transport rate gradually develops intonspertra
capacity under a given flow condition, many numerical models adopted theqndibrium
sediment transport algorithm in which an adaptation length was defined to account for this
spatial lag effecf\Wu and Wang 2007; Duc and Rodi 2008; El kadi Abelezak and Paquier
2009) Conventionally, the adaptation length was defined as the distance required for the
sediment transport rate to reach equilibrium at a given flow condition. Several numerical models
(Wu and Wang 2007; Duc and Rodi 2088pwed thathe modeling results were sensitive to the
adaptation length, especially in highly unsteady flow such as dam break flow or extreme floods.
Prior studieqvan Rijn 1984; Phillips and Sutherland 1989; Wu and Wang 2089 proposed
several methods to calate the adaptation length. The adaptation length has been found equal to
the wave length of dunes if bed forms are pregesnt Rijn 1984) the particle saltation length
(Wu and Wang 2007)r an arbitrary calibration parame{@®uan and Nanda 2006)hee is no
consensus on which method should be used at a given flow condition. On the other hand,
experiments were also conducted to study the spatial variations of bed load transport rate in non
equilibrium transport condition&Soni 1981; Bell and Sutherd 1983) However, none of these
experiments directly measured the spatial distribution of sediment transport rate, but the

aggraded or degraded bsdrface profiles. Because of these it remains unclear if the adaptation
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length varies with the changing Wlofield as bed surface degradates or aggradates. Modern
experimental techniques, such as the acoustic Doppler velocimeter (ADV) and particle tracking
imaging technique, can provide detailed measurements of sediment particle velocity
synchronized with flowmeasurements (Roarty and Bruno 2006). Several recent experiments
have investigated the internal structure of the bed load layer (Mouilleron et al. 2009; Tang and
Wang 2009). However, these experiments were still performed in steady flow, and there are, to
our knowledge, no experiments for the transient state of bed load transport. The existing
formulas for calculating the adaptation length may not be valid for rapidly varied unsteady flow.

Another parameter used in a requilibrium sediment transport modsl the ratio of the
nearbed suspended sediment concentration and the -deptaged concentration. For the
equilibrium transport model, this ratio can be readily obtained by using the Rouse distribution of
suspended loa(Celik and Rodi 1988pr empiricdly determined in numerical model€ao et al.

2006; Wu and Wang 2007Brown (2008) proposed a modified form of the Retyge
distribution, which extends the use of the Rouse distribution to unsteadgqodibrium
transport condi t idel nonsidBedohe mpast of(s@dimerg flux ana thus is
more suitable for describing the convective behavior of suspended load transport.

In the present paper, a 1D numerical model was developed for simulatirepuaiibrium
sediment transport in unsteafigw by solving 1D St. Venant equation for sedimé&den flow
together with the Exner equation. The finite volume method was adopted to discretize the
governing equations. The naguilibrium effects on both suspended load and bed load transport
were addessed separately. The suspended load profile was described by atyReuse
distribution in which convective sediment transport is accounted for byequoitibrium

sediment transport. A physically based adaptation length formula is derived for calcuiating t
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bed load transport. The bed load adaptation length formula was verified by experiment data from
Jain (1992) and Bell and Sutherland (1983). A series of-ld@ak experiments reported by
Spinewine and Zech (2008) and Fraccarollo and Capart (2002) whsoutsst the applicability

of the numerical in the simulation of damneak flow over erodible beds.
Mathematical Model

Governing Equations

The governing equation of flow is based on the modified St. Venant equation for sediment
laden flow. Flow densitysi treated as a variable to include the effect of sediment load. The
change of flow and sediment mass due to bed degradation or aggradation is incorporated in the
mass conservation equation. Consequently, the 1D St. Venant equation for séatierwerfitow

can be written as:

drA) W), WA

TR it 1)
Q* " _,

A AR’ 2)

Q bz, 1 W
+ rgA— +—-gAh,—+rg
8 X 2 L X

M na
L ;?
where}  density of sediment laden flow, and can be evaluated:byw(l- Et)+ rsa, where

Jw and} s = densities of water and sediment, respectively, @_pd: volumetric concentration of

total sediment load, defined & =C , whereC = mean concentration of suspended load

9
Q'
in the cross sedhn, andQ, = bed loadransport rateA = flow area;Q =flow discharge} , = the

density of immobile bed material, calculated/gs= rs(l- pm) + 7, P, Wherep, = porosity of

bed material;Ap = immobile bed areag = gravitational acceleratiorgs = the watersurface

elevation,n = Manni ngoés R eltglhauie sadiys;h, can be calculated as
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h h,“dy, in whichB = width of the cross section atg = local flow depth at locatio.

D

-1
A
The third term on the left of Eg.1 corresponds to th@nge of flow and sediment mass in the
control volume due to bed deformation, and the fourth term on the left of Eq.2 accounts for an
additional pressure force due teetchange of flow density at each cross section.

At each cross sectioithe total sedimat load consists othe suspended load in the flow
layer and the bed loadn the bed loadlayer. In equilibrium transport models, the sediment
transport rate is assumed to be the saturated transport rate, which can be calculated by the local
flow variables However, equilibrium sediment transport is rarely encountered in natural rivers.
Sediment transport rate always lags the transport capacity corresponding to the instantaneous
flow. A nonequilibrium transport model igdopted in this study. The crossts@t was divided
into three layers: the suspended load layer, the bed load layer and the immobile békh&ayer.
conceptual model ofachcross section is shown in FigMass exchangenly occursbetween
theimmobile bedlayer andthe bed loadayer as wk as betweerthe immobile bed layeandthe

suspended load layefhe transport equation for suspended laad bed loadan be expressed

as:
&(A(_Z)+§ @c)=Ba, (3)
blac)E2 <, @

whereli;s = the mass flux fromthe bed load layer to the suspended load laygr; the area of
bed loadlayer, C_b = the mean concentration tiie bed loadlig = the mass flux fronthe

immobile bed layer tobed loadlayer. The suspendetbad andthe bed loachre governed by

different transporequations and calculated separately inrttegleland therefore the sediment
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transport of different transport modes can be handigd1-4 arethe governing equations for
the simulation offlow and sediment transport over mobile bédnon-equilibrium sediment
transport model is required to evaluate the mass fluxes between different layers to cloge

the solutions of those equations

Non-equilibrium sediment transport model

In Eg3 and 4t he sedi peamuds nBddto ke elaluated. The active sediment
exchanges betwedlifferent layersare essential to neequilibrium sediment transport models.
In the following section, we will duss the norquilibrium sediment transport models, based

on which the vertical fluxe8;sa n gg cah be evaluated.

Non-equilibrium suspended load transport model
The nonrequilibrium mass flux between suspended load layer and immobile bed layer can

be expessed as:
Gs =Eis - Dgs )
where Eks, Dis = the entrainment rate and the deposition rate between the suspended load layer
and the immobile bed layer, respectively. Bmtrainment and deposition rates are related to the
actual concentration at the interfacg the concentration at the interface at eqilibrium state C
and the particle settling veloct y which can be expressed as (Wu and Wang 2007):
Es =w,C, (6)
Ds =w,C, (7)
C+ and G can be related to the mean concentration of suspended load at the cross section

by:

C. =aC. (8
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C,6=aC 9

w h e r ig thelratio of the near bed concentration to the mean concentration of the suspended

load in the cross sectiol. = mean concentration at equilibrium state. Substitute Ej&%o

Eq.3,andwe obtain:
&(AE)+§(QE)= Buw,a(C. - C) (10)

Eq.10 is the model equation for requilibrium suspended load transport in this stutis
shown that U is an i mequilibtivmmrstspepdad l@athmdda, whicho r  t
determinedthe nonrequilibrium sediment flux in the vertical direction and consequently how
Afasto the flow wildl Arecovero to the -equili
equilibrium suspended | oad recovery coefficie
The value ofU can be calculatedf the concentration profile of suspended sedinisnt
known The Rouse profile is valid for approximating the suspended sediment concentration
profile in steady uniform flowfDuan and Julien 2010hamely:

Ro
C, _ eh a g (11)
C h all

a

where h is flow depth; z is elevation;C, is the sediment concentration at elevationa is

the reference bed leveR, is the Rouse number, defined & = bW;« , Whereu. is the

shearing velocity;p is a correction factor, the value of which can be determinet @& for

o 2
W
*

for sand(Brown 2008) and & is the von Karman constant. In

O’DOI

silt and clay, andb =1+ 2
¢

the case of noequilibrium suspended sediment transport, the flux at the interface between the
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suspended antted Iad layers needs to be considered. Bro{@9©08) proposed a revised

suspendedediment concentration profile by modifying the Rouse nunfifjeas follows:

R, = (12)
b kuj* + I:va
W, '
whereF, , :% - 1. It is worth noting that Eq2is only valid whenw, <u.; in the case that
IS

w, 2 u., R is given by:R, :bi/{ Then, the suspenddolad recovery coeffient a can be
calculated by:
2=Ca_ h . (13)
C seh-z ag dz
g 2 n-all

Non-equilibrium bed load transport model
The nonrequilibrium mass flux betweethe bed load layeand the immobile kklayer can

be evaluated by considering a stable str@ase nonuniform bed load transport profile in the

steady flow, in which the bed load transport rate is varying in space but constant in time.

Assuming the difference betwedre bed load transport t& and the saturated transport capacity
per unit width are deposited to or entrained from the bed surface within a certain |gnitign L

mean flux within lg can be expressed as:
1
Ge = Qs - Q) (14)
0

whereQy+ = saturated bed load transport rate at equilibrium satiestitue Eq.14 into Eq.4 and

note Q, = u,A,C, , where y = mean velocity of the bed load layar obtain:
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Qo

Qb

C "o

HQ, 1

+__
oL

Q- Q) (15)

B=
DO

Eq.15 is the model equation for neaquilibrium suspended load transport in thiisdy,and
Lo is named as the adaptation length for -eguilibrium bed loadtransport, which is an
important parameter for simulatirite nonequilibrium bed loadtransport.Conventionally, k
was defined as the distance in which the bed toatbportrate increased from zero to saturated
transport rate in equilibrium. However, this is not compatible with the form adopEs1b.In

case of steadyed loadransporistate Eq15 yields:

(L
L (Q - Q) (16)

An analytical solution @n be obtained fdEq.16 and expressed:as

X

Lt (17)

|-OOO

Q =Qy - (Qb* - Qbo)eXp%
G

wherex = strearawise coordinate; € = bed loadtransport rate at x 0. In case 0fQup= 0, we

obtain:

X

[07]
) (18)

o

Therefore, the se ofEQ. 14 and 15 assumed an exponerditay of the difference between
the actual and saturated bed load transporf ratss o met i mes referred as Afl
deficito (Bell avithddist&oetn hthe stteanrwiske dirkdidh 3which is in
agreement with the measurement of Bell and Sutherland (1988)efore, the exponential
decay of bed load transport defigta reasonde assumptionlt can be easily verified that when

X = Lo, @ is approximately 0.63 times the saturated fpansrate. This provides a way to

determine the value ofglin compatible with the form of Eq.15: if we can determine how the bed
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load transport rate increases from zero to its saturated transport rate in thensgealmection
in the steady flow, thealue of Ly to be used in Eq.15 is the distance where the bed load
transport rate increases to about 0.63 times the saturated transport rate. This distance, denoted as

Ly, will be our definition of norequilibrium bed load adaptation length in the followssgtions.

The physical norequilibrium bed load transport process
The conceptual model of the nequilibrium bed load transport process can be established

by considering the momentum balance of the bed load lagemake the model as simple as
possible we restrict our discussion in the grain scale and exclude the esftdciacrescale
geometries, such as bed form. We also assume that the saltation is the primary beadlead
transport responsible for the interaction between the near bed flowelneldt loadransport At
non-equilibrium transporstate the particles arbeinglifted off from the immobilebedlayer into

the bed load layer, which are then in the statéisaltatiod. The momentum gained by the
particles is transferred from the neaed flow. The rate of the momentum transfer can be
evaluated by the shear stress between the flow and the bed load paksctbs.fisaltatngdo
particles collide with the bed surface, they lose part of ithmomentum.The rate of the
momentum loss can levaluated by the shear stress between the bed load particles and the bed
surface.Consider a fixed control volume that encompassing a group of bed load particles. Since
the nonequilibrium bed load profile is steady, the sum of momentum of the fluid laend t
particles within the control volume is constant. Therefore, the net momentum flux across the
surface of the control volume should be equal to the force exerted on thd gohiroe. The

momentum fl ux across sur,tanaleegpressddat he contr ol

I:]le :%([(rs +CM ff )qbub] (19)
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whereCy = added mass coefficienvhich has a theoretical value of 0.5 for eptal particles
(Fernande#_.uque and van Beek 1976).

Now consider the forces exerted on the particles. For particles which are resting in the bed
surfaces or moving in a steady state, the forces exerted on the particle are in balance. Therefore,
only theforces exerted on the particles being lifted off contribute to the increase of momentum.

It is obvious thatthe rate of mmentum increase in thieed loadlayer is only related to the
particles that are being lifted off frometground Denote the percentagof particles in the bed

load that are being lifted off is P, the following expression can be obtained:
DM x = P(Iz - l:) (20)
wheret anda = mean value of the shear stress at the top and the bottom of the particles,

denoted ag,; andf, which can be approximated by the shear stress at trentbthe bottom of

the bed load layer. Since notdavere available for the evaluation of P at-eguilibrium state,

it is approximated by the entrainment probability of bed load particles at equilibrium state. This

might be a crude assumption, but an important mechanism was indicated by Eq.20: only a
portion of the particles contributes to the momentum increase of the bed load layer. Combining
Egs.19 and 20, we obtain:

d

&[(rs +C|v| Iy )qbub]: P(tB B tb) (21)

Eq.21 is the equation of motion for the bed load laetd a n @ neéd to be determined t

obtain the numerical solution of this equation

Shear stress at the top of the bed load layer
For the case in which bed form is absem, $hear stress at the top of lieel loadayer can

be replaced by the total srestress. For moderate sediment transport rate, the static viscosity can
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be safely neglected and the total shear stress is the turbulent shssamgtieh can be calculated

usingthe friction velocity as:

t = fU*Z (22)
The friction velocity can be calculated by assumingldgarithmic velocity profile in the

turbulent boundary as:

u
u.

PN

|-QDO

=—log +C (23

il

¢

wherez = elevation; u = velocity of flow at elevation z;=zreference level, which can be taken

as the thickness of the bed load layer, which is approximately 2 times the particle size; C =
integration constantlt is expected that thevelocity profile is slightly altered during noen
equilibrium transport process, which in turn increase the total shear stress. In this study the shear
stress is assumed to remain constant during thesqoiibrium transport process, which will not

furthercomplicate the problem.

Shear stress at the bottom: a friction model
A converional treatment ot} proposedby Bagnold(1941)divided the shear stress at the

bed surface intdhe grain bormee andthe air borre shear stress when dealing with blown sand
trarsport, which can be expressed as:
t, =ty +l, (29)
In theequilibrium state, the sum of the grain born and fluid born shear stresbemggial
to the shear stress at the topté bed load layern nonequilibrium transport state, the two
guantities are not equals bed load transport increasdéise latter must be larger than the former
so that the momentum d&ked loadlayer is increasing. However, it is not clear how thergrai

born and fluid bora shear stres€hanges during thiprocess. In the current mel, two
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assumptions were made to conceptualize the progebe grain bore shear stress in thon
equilibrium transport state is linearly related to the grain norimess and the proportional
coeficient is equal to its value ithe equilibrium state; ii) the fluid boeshear stress remaias
constant during the neequilibrium transport processnd is equal to the fluid bagrshear stress
in the equilibrium stateUnder these assumptions, the grain lkand fluid bore shear stress
can bequantified usinglatafrom experiments conducted in tegquilibrium state.
The first assumption can be expressed as:

t=my(rs- r,)ox (25
wherpe dynamic friction coef fiBgR4esmotnoverforthe bed |
sediment transport in thequilibrium statesincea similar equation can be found in Bagnold
(1956) for describing the movement of blown sand. For thednatoefficient,Bagnold (1956)
proposed an approximately constant value of 0.63, which is the tangent of the angle of repose of
sediment particles. Capart and Young (1998) used a much smaller value of 0.32. From a
theoretical point of view, this frictionfiect is caused by the momentum losstlod sdtating
particles when thegollide with theimmobile bed surfaceThe equivalent friction forcé&; for
one saltating particles can thus be expressed as:

DM r.Duu
Ff: s —_s s—'b

o, /.
ub

wher eg=g@Moss of particl e mome padurationdbiione saltgtioro ne s

(26)

st e p = lostpaf particle velocity during the impact with bed surface, which can be taken as
0.85u (Fernandez.uque and an Beek 1976); /= mean velocity of bed load transport, which

can be taken as O.8frernanded. u qu e and Vv a p= ldhgheok saltatbry Sep. ;Ther-
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the friction coefficient can be expredsas the ratio of the friction force and the submerged

weight, and written as:

Ff r.Du u,
—_—= S~ 7s'b 2
g Ws (rs - r)g/s ( 7)
where W, = submerged particle gravitiq.27 canbe written in dimensionless form:as
SGQ . Du U,
= s 28
i (sG- 10, 9

where SG = specific gravity of sedimé p a rgt, i colaunel 33 are Bome dimensionless

guantities with the form:

t
to = 7B 29
®  (sSG- 1)rgD, (29
Du
DJS S —— — (30)
J(SG- 1igDS
o=t @Y

where D = particle size. The use of Eq.B&quires thevaluesof us anday. However, there are

no observations available to determine ¢hggantities under neequilibrium state. Therefore, it

is assumed thatsuandas in the norequilibrium state can be determined from those values in
the equilibrium state. Therefore, some observations made on the saltation of bed load particles
are diretly available. For example, the following equations are proposed by Ferrangiez

and van Beek (1976) (referred in Seminara et al. 2002) for moderate sediment transport stage:

u, =1157, - 07,2, ) (32)

/. =16 (33
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w h e ree= dithensionless critical shear stress. Substitute Eq.32 and 33 into Eq.28, and the
friction coefficient can be calculated. THeid born shear stresst t h e ¢ bandlsb bem U
determined with .24 and 25 by using the observation of bed lwadsport rate at equilibrium
state. Nonetheless, it will be shown later the-aquailibrium adaptation distance is dependent on
the friction coefficient but independent of the fluid born shear stress. Therefore, the evaluation of

fluid born shear stress not discussed here.

The entrainment probability
The entrainment probabilityduring the norequilibrium process is determined by two

physical processes: the aerodynamic entrainment and the splash p{8bassand Raupach
1992)Shao and Raupach (1992)ggested that the latter may becomes significant only when the
friction velocity is sufficiently large. For moderate wabteducedbed loadransport process, it is
reasonable to assume the entrainment rate is primarily determined by aerodynamic process.
Papanicolaou et al. (2002) considered the momentum balance of the sediment particle under the
drag force, the lift force and the gravity, and derived the expression of entrainment probability.
Wu and Yang (2004) follow #h similar idea, but used a Gradmalier probability density
function to describe the near bed turbulence, and express the entrainment probability as a
function of the turbulence characteristics, the particle size and the intafstbe particlesn

both the upstream and downstreanitldd particle to be studied. Their result agrees well with
some of the published data. However, their method is computationally expensive and requires
too many parameters to be evaluated. A simpler choice is found in Wu and Lin (2002) with the

following expresion:

P=05- 05

In(0.044C, /¢.) \/1_ &2 &n(0.044C, /¢.)dl

34
inoac e\ P pE o724 W (34)
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Where CL = lift coefficient, and is taken as 0.18 in Wu and Lin (2002). Eq.34 provided
good agreementsith the random modelndthe experimental daia Wu and YangZ004)with
much les computatnal effort requiredand therefore will be incorporated and testedhis

study.

Solution for non-equilibrium adaptation length
Substituting Eq. 2, 24, 25 and 28ito Eqg.2, and it yields:

da,u,

(rs+CMrf) :[fs'ffb'x(fs'rw)g”@]P (35)

If assumingt h at the particles Aal most i mmedi at el

equilibrium state after they are lifted off the mdface Eq. 3 becomes:
dg, _€ 9, 9
Uy =dg-ly-(rg-r,)9—mpP (36)
dx @ U, 0

Integrating Eq.36, and assumigg =0 when X =0, we obtain:

K
qb = k_z[l' eXp(' klx)] (37)

1
ro-r g te-tu)P . . K,
h - s” Tw = fy that,. =2 .
wherek, = Pm (rS+CMff)ub2 and k, (fS+CMrf)ub’ it is easy to verify thag, K

According to the definition of the adaptation lendth,equals to the distance from the location

whereqp, = 0to that wherey, = 0.63q+. Therefore,

1
Lo © X cosm, "k (38)
1

Eq.38 is the expression for naquilibrium bed load adaptation length we adopted in this
study. L, is a function of the entrainment probability P, friction coefficiept and bed load

particle velocity y, and is independent of the fluid born shear strgsht the bottom. The
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evaluation of yrelies on experiment observations (for example, Eq.31), and iB,gvaluated
based on a number of hypothetical models. The accuracy of these models needs to be examined

by available experiment data.

Validation

The value of |, determines how the transport rate evolves in stre#a direction and
approaches the equilibrium transport rate. Therefore, it can be verified by the measurement of
sediment transport rate at different locasidnringthe norequilibriumtransportprocess. In this

study, the data of Jain (1992) and Bell and Sutherland (1983) artoussdfy the current model.

Data and experiment sep

The experiment of Jain (1992) was conducted in a recirculating tilting flume with an
observable sectigrwhich is 27.4 m long, 0.91 m wide and 0.45 m deep. The sediment particles
were quartz gravels with a mean diameter of 3.8 mm and a standard deviation of 1.5. Two sets of
data are available in Jain (1992). The experiments of Bell and Sutherland (1982pweucted
in a 30 m open circulating tilting flume with a bed slope of 0.002 and a width of 0.305 m. The
erodible materials have a median size of 2.11 mm and a geometric standard deviation of 1.25.
The bed load transport rate is measured at four difféoeations downstream of the rigid bed,
where the sediment transport rate is zero. The transport rate is also estimated with the bed
deformation at three other locations close to the rigid bed where the direct measurement is not
possible. Only the measunents at t = 5 min are used in this study to minimize the effect of
macrascale bed forms. Two sets of data were available, with the flow rates being 0.159 m3/s
and 0.127 m3/s, respectively. The experiment of Bagnold (1936) was conducted in a wind tunnel

of 9.14 m (30 ft) with a square cross section of 0.3 m. The size of the sand particles is between
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0.18 mm to 0.30 mm. Some parameters of these experiments are listed in Table 1, and more
details can be found in the original papers. It is shown that thelatd bed load adaptation

length matches fairly well with the data of Bell and Sutherland (1983) and Jain (1992), but over
predicted those data from Bagnold (1936) by one magnitude. This is perhaps due to two reasons:
a) the experiment of Bagnold (1936asvconducted to study the equilibration process of blown
sand in a wind tunnel. As suggested by Shao and Raupach (1992), the equilibration of blown
sand is caused by two processes, the aerodynamic entrainment (fluid shear induced entrainment)
and the splds process (particle impact activation). The splash process can activate the
undisturbed particles on the bed surface much more efficiently and reduced the distance required
for equilibration. However, the splash process is not reported in the study ofindateed

particle entrainment. Therefore, the distance observed by Bagnold (1936) is much smaller than
that predicted by the current model; b) the particles used by Bagnold (1936) were significantly
smaller than those in the other two experiments, and p@ssibly transported as suspended load
rather than as bed load, therefore, the bed load model was not validated in this case. Therefore,

the use of the current bed load model should be restricted to the water induced bed load transport.

Comparison witlother formulas

Many formulas for estimating the n@guilibrium bed load transport can be found in the
literature. We chose three formulas and calculated theequoiibrium bed load adaptation
length in the experiments of Jain (1992), Bell and Suther(@®&3) and Bagnold (1936):
Phillips and Sutherland (1989), van Rijn (1987) and Armanini and Disilvo (1988). The reason to
choose these three formulas is that they account for the effect of shear stress in their expressions
and they were in the grain scakhich did not consider the effect of macale bed forms. The

expression proposed by Yalin (1972) is very similar to that proposed by Phillips and Sutherland
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(1989), except Yalin (1972) used the total shear stress instead of the excess shear B&ess in t
expression, thus Yalin (1972) formula is not listed here. Theegoibrium adaptation lengths
calculated with the three formulas are tabulated in Table 2 along with the measurement and the
results from the current model. It can be seen that thegpeddvalues from these formulas are
generally much smaller than the measurements. The formula of Phillips and Sutherland (1989)
matched well with the data from Bell and Sutherland (1983), which is included in their database
when deriving their formula. Hoswer, the prediction is poor for the experiments of Jain (1992).
The values calculated by the formulas of van Rjin (1987) and Armanini and Disilvo (1988) were

a few centimeters in all cases. On the other hand, the formula in the current study gave a much
better prediction in both cases. More importantly, all three formulas in the literature predicted an
increasing norequilibrium bed load adaptation length with the shear stress. As can be seen from
Table 2, the nomquilibrium bed load adaptation length rsigcantly decreased when the shear
stress increased. This phenomenon is also noticed in Jain (1992). The data of Bell and Sutherland
(1983) showed a slightly increase with the shear stress. Since the shear stress in the experiment
of Bell and Sutherland1083) were indeed very close, the two values of-egquilibrium bed

load adaptation length can be viewed as approximately equal and the difference came from the
uncertainty in the measurement of transport rate. The model proposed in this study is able to

correctly predict this trend, thus is superior to the other formulas.

Numerical Method

The governing equation 1, and 2 are reformulated to eliminate the density of the sediment
water mixture in order to set up an explicit scheme for numerical solutionddrsaty of the

mixture,r , and that in the stationary substrate bed laygr,can be expressed as:

r=r,0-Cc)+rC;ry=r,0-1)+rJ (39)
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Substituting Eq.34 and39into Eq.1, the equation can be reformulated as:

“A @ i el 9 ry-r euéQb_%@ 40
PR 1,gL—O(Q Qb) - ga%u . (40)

Substituting Eq.34, 39 and40into Eq.2, the equation can be reformulated as:

W, né w_ . QQ
%— =- A Ah n°-——
i XA 8 J px g P X "9 AR

\ (D/

Qry-r, 1 €1 g Qry-r,udQ, Q
A r, 1-/ LO(Q Qb)u A r, gﬁé@u u,

w

('D)

Eq.3,4, 40 and41 can be usetb establish an explicit algorithm. Cé2004) Wu and Wang
(2007) obtained similar expressions for the governing equations, except for the last term in Eq.
34 and 35. This term stems from the difference between the velocities of flow and sediment. If
only simulating the suspended load, this term can be neglected. However, the bed load transport
capacity is usually much smaller than the flow velocity.

Then, the governing equations can be written in the vector form as follows:

e
P L) o) 2
where
eA o QR o
&,/U, 1 0, 0

where S(F) is the source term including all the other terms except for the unsteady and

convection terms.A Godunovtype finite volume method was used to calculate the value of

at time n+1 from its value at time(fioro 2001)



120

3
R

1
C 2 2

OO

+D G (43

where subscript i denotes the node numbepemacript n denotes the time level. Different
numerical schemes can be used to calculate the H(llE() and constructesult in different

numerical schemed he firstorder upwind scheme is proven to provide robust and reasonable
results n numerical models, and thus adopted in this stddng et al. 2004).The bed
deformation can be calculated as:

1

m(Qbin B Qb*in ) (44)

A=A

Bed elevation change is assumed to be uniformly distributedsthe bed surface, and the

bed elevation is adjusted accordingly.
Model application

Available data and model parameters

The numerical model was applied to simulate a series of dam break experiments on mobile
beds reported in Spinewine and Zech (2008 experimental setps were briefed here. These
experiments were conducted in a flume 6 m (length) x 0.25 m (width) x 0.70 m (height). A
sluice gate was located in the middle of the flume, and was suddenly opened as soon as the
experiment started to mimthe dam break flow condition. Two types of bed materials were used
in the experiments: a) uniform coarse sand, with its size ranging from 1.2 to 2.4 mm, median size
dsp= 1. 82 mm, p a= 2683 &g/ne and thenbedi was/comppacted to a packitip
ofge= 53 %; b) PVC pellets, with an equivsal ent
= 1580 kg/m, and the packing ratio i$ & 58 %. The porosity in both cases can be estimated by

Pm=17 Cp,. The Manningods r ouOPh6h m Sgnewina and Besht (20683 t e d
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and was used in the current study. Six different initial configurations regarding the water surface
and bed elevation in the upstream and downstream of the gate were used for both bed materials,
with an additional con§uration was used for PVC pellets to study the scaling effects. Therefore,
a total of 13 experiments were conducted with different initial conditions, which are listed in
Table 3 The experiments were recorded with fast digital cameras at a frame r&@ ioid&yes
per second, and the interfaces between the three layers defined by the authors, i.e., the pure water
layer, the sediment transport layer and the immobile bed layer, can be obtained by the interface
tracking technique. These interface data weowided at an interval of 0.25 suptot=150s
(available for a longer time for some of the configurations), and were used in the present study to
verify our model. Another datbreak experiment is reported in Fraccarollo and Capart (2002),
which were coducted in a smaller flume but with the same bed material. The initial water depth
in the upstream of the gate was 0.1 m, which was smaller than that in the Spinewine and Zech
(2008) and therefore the scour hole caused by the water jet immediate aftdedise of gate
was less significant. This will be used to demonstrate the limitation of one dimensional model in
simulating dam break flow later. The water surfaces and bed surface profiles were filmed and
sketched at 0.5 s, 0.75 s and 1.0 s for the Louegperiment in Wu and War{@007) and were
used to compare with the results of the numerical simulation. However, the interface between the
pure water layer and the bed load layer is not available in this experiment. More details about the
experimental stups were reported in Spinewine and Zech (2008), Fraccarollo and Young
(2002)

The computational domain was divided into 240 grids with a grid size of 0.025 m for the
experiments of Spinewine and Zech (2008) and 200 grids with a grid size of 0.0128ra for

experiment of Fraccarollo and Capart (2002). The time step used in the simulation is 0.001 s.
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Smaller grid size and time step can be used but no significant improvements were observed. Van
Rijn (1984) sediment transport formula was used to calculategtiment transport capacity at
the equilibrium state. Additionally, the critical shear stress on a steep streamwise slope is

corrected according to Kovacs and Parker (1994):

(45)

QDO

_ tang
m

wheref, andf , are the critical shear stress with and without considering the channel slope,

respectively.

Simulation results

The simulated results are plotted in Figures 3 to 15 for all 13 expesnmeSpinewine and
Zech (2008) along with the measurement. There are 6 measured water surface and bed profiles
recorded at different time instants with an interval of 0.25 s. To make the figures more clear, we
only plotted the profiles att = 0.25 s, 0§%nd 1.25 s. The simulations were able to predict the
evolving wave fronts and the scour hole. A significant discrepancy observed is the scour hole
formed at t = 0.25 s, when the first measurement was taken. The scour hole was much deeper
than that predied by the model and the scour holes recorded at other time instants. Comparing
the depths of the scour hole taken at different time instants, it is shown, most obviously at Figure
5 and 6, the scour depth reaches its peak at the first measurement takén2& s, most likely
due to the impact of the water jet formed by a sudden release of the gate. Then the depth of the
scour hole sharply decreased, possibly due to the settling of the entrained sediment from the
water jet impingement. Then the depthtloé scour hole is slowly increased again owing to the
shear stress induced by the streaise flow. The water jet formed at the beginning of the -dam

break experiment, which is highly three dimensional, cannot be simulated accurately by a one
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dimensional radel. As a consequence, the simulated results were in better agreement with the
measurement at t = 0.75 s and 1.25 s, when the vertical velocity is dissipated and became less
significant. It is also shown in Figure 9 that the scour hole at t = 0.25 <Cis less significant,
because the smaller initial water depth at the upstream of the gate produced a weaker water jet
with much smaller vertical velocity. Another feature that cannot be well captured is thveistep
initial bed profile. For cohesivelessdsment particles, the stepise bed was not stable and
quickly failed shortly after the gate was open, which is similar to a bank failure process and
cannot be predicted with the conventional sediment transport formula. From Figure 7 it was
shown that therediction of the wave front were poorer than in the other configurations, which
i ndicated that twse bef prafiied probably causdd moréd momsentum [oss,
which reduced the flow speed. On the other hand, the effect of the initialledewn the flow
speed was less significant. In Figure 3 to 6 although the initial scour hole was not captured by the
model, the predicted wave front was only slightly ahead of the measured wave front. As for the
water surface and bed profiles, the measdr pr of i | es wer e more fAbump
ones, primarily caused by the disturbed bed surface profiles developed during the experiment.
The surface profiles were seemingly highly correlated with the bed profiles. When there is a rise
on the bed suace, a hydraulic jump is likely to occur. The reason for the perturbations on the
bed surface is not clear, and is possibly caused by the disturbance from the water jet generated at
the beginning of the experiment.

For the experiments conducted with théunal sand, the initial scour hole was not observed,
possibly because the use of heavier particles limited the depth of the initial scour hole, or the first
recording was taken after the initial scour hole has reached it maximum depth and sediment

particles have already badiled the scour. This can be further confirmed by the simulation



124

results for the experiment by Fraccarollo and Capart (2002), which is shown in Figure 16. The
initial water depth is 0.1 m, which was much smaller than that in Spinewiti&ech (2008).
Therefore, the initial | arge scour hol e was
of the stepwise bed profile was also observed for the experiments with natural sand in
Spinewine and Zech (2008). It was shown in Figudetiat the predicted wave front was
significantly ahead of the measured one.

Figure 17 showed the distribution of nrequilibrium suspended load recovery coefficient
and the bed load adaptation lengfhe suspended loaécovery coefficienand the adapt&n
length calculated yothe model werénighly norruniform along the channel, anaere strongly
correlated to the erosion rate. The suspended load achieved its maximum value nearly at the
wave front where the flow velocity is high and flow depth is snfalkmall peak exigtd at the
end of the upstream side of the erosion pit where a higher flow veloa#giso expected due to
the steep slope in the pit. The high shear stress edsuléa large gradient of sediment flux in the
vertical direction so thathe neatbed concentration of suspended sedimeas much higher
than that in the uppédlow zone. Thebed loadadaptation lengtldecreased dramatically in the
downstream direction from the location in the upstream of the scour hole where the water surfac
started to descend, and approached its minimum value at the upstream side of the scour hole, and
kept approximately a constant from this location to the wave front. At the high shear stress zone,
the entrainment probability increased significantly, whrelduced the distance required to
entrain sufficient particles to form the equilibrium transport state.

In general, the current model was able to reasonably predict the water surface and bed
profiles, as well as the depth of the scour hole at the wave tHanwvever, the impact of the

initial water jet and the failure of the stepse bed profiles cannot be simulated due to the
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limitation of one dimensional model. The results were less reliable at the beginning of the dam

break experiment, but accurate aftards.
Discussion

Discussion on the significance of requilibrium model
The geomorphic change of river bed can be calculated by solving the sediment continuity

eqguation (Exner equation) given by (pp. 426, Sturm 2001):

)&+“_qzo

B(L- p, ™

(46)

In the norequilibrium sediment transport models, it is assumed that the sediment transport

rate equals to the sediment transport capacity everywhere in the channel given by:
Q =Q. (47)

Therefore, the bed deformation rate is calculated as:

& = - ;& (48)
w B{- p,) i
Eq.48 can be discretized with the explicit scheme adoptéduksistudy as:
Dt 1 i -
n+1:Zn+_ o *l"'l 49
el 5] @ ) 9

It can be easily seen that the bed elevation calculated by the equilibrium transport model
would be a function of the grid size, and therefore is-dependentywhich is an undesirable
property of the model. We incorporated the equilibrium model into the numerical model and
simulated configuration (a) in Table 3 in the model by using 10, 20 and 30 nodes for the grid.
The simulated water surface and bed profiletha end of the simulation (t = 1.5 s) were plotted

in Figure 18. The measured and simulated profiles from theegoiibrium model were also
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plotted for comparison. To make it simpler and clearer, the suspended load model was excluded
during the compason. It showed that the number of nodes used in the simulation affects the
simulated bed elevation changes and in turn the water surface elevations. During our test, when
the number of grid was set to be larger than 30, the program becomes unstablegAd the
becomes finer, the bed elevation changes during one time step becomes larger, and the fast
changing bed elevation produced an unrealistic significant bed gradient term in the momentum
equation.

Fraccarollo and Capart (2002) and Fraccarollo et al03p®oth simulated a transient
erosional flow in their study. Fraccarollo et al. (2003) suggested that thequdibrium model
is needed in case of very light materials. Fraccarollo and Capart (2002) provided a time scale
analysis and pointed out the Bssity of using no®quilibrium model when the frictional time
scale and the erosional time scale are of the same order of magnitude. For a more complex
system, such as in the current study, where the suspended load and bed load are controlled by
differentcharacteristic speed, such time scales are difficult to directly obtain from the analysis of
the characteristic system. Comparing Eq.41 with Eq.46, the equilibrium model can be viewed as
a special norequilibrium model, in which the bed load adaptationgté is dependent on the
grid size. Since the grid size is chosen as an artificial parameter, which is irrelevant with the
physical norequilibrium process, the equilibrium model is unrealistic for simulating sediment

transport process in unsteady flow.

Discussion on the significance of a physicdihsed norequilibrium model
The nonrequilibrium model was able to predict the reouilibrium bed load adaptation
length and the suspended load recovery coefficient, which is addressed in the section

Avaloindat iThis 1 s i mportant to correctly si mu
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geomorphic change in unsteady flow. Sensitivity analyses were conducted for both parameters in
the simulation of configuration (a). The nequilibrium bed load adaptatioardgth was chosen

as 0.05 m, 0.20 m and 0.80 m, and the suspended load recovery coefficient was chosen as 2, 4
and 8. To make it more clear, only the bed load model or the suspended load model was used in
the sensitivity study, depending on which paramets being studied. The results were plotted

in Figure 19 and 20. It was shown that the bed elevation change was sensitive to both parameters.
The bed elevation change increased when the
decreased. From Figureifcan be seen that the bed load adaptation length can vary as many as
two orders of magnitude. Therefore, it is very important to have a good estimation of the non
equilibrium bed load adaptation length at least at the transient flow condition as shdven i
current study.

Another topic is whether it is necessary to adopt a suspended load model in the simulation
of sediment transport under the transient flow condition. Although the particle size used in the
experiments of Spinewine and Zech (2008) aratéarollo and Capart (2002) fell into the range
of very fine gravel, which typically transports as bed load in natural conditions, the shear stress
at the rapidly varied flows such as the daraak flow are usually so high that these particles are
transpoted as suspended load. It is suggested by Julien (referred in pp. 405, Sturm 2001) that
when the friction velocity is greater than 0.4 times the settling velocity, the sediment particles are
transported in mixed modes with both bed load and suspendedViadompared the bed
deformation with and without considering the suspended load in Figure 21. It was indicated that
the bed deformation rate was significantly smaller when only bed load was considered. Therefore,
the suspended load was necessary in thée.cFurthermore, a numerical model that considers

both suspended load and bed load will be applicable in the simulation of sediment transport in a
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wider range of shear stress encountered. Therefore, the advantage by simulating both suspended

load and bedbad in separated models is obvious.

Discussion on the thickness of the bed load layer

The bed load thickness can be calculated by the elevation difference between the interface
between flow and the bed load layer and that between the bed load layke amdhbbile layer
in Spinewine and Zech (2008). In the current model, the volumetric bed load transport rate was
calculated as a primary variable of the system. The bed load thickness can be calculated given an
estimation of the average concentration ie thed load layer. In the numerical study of
Fraccarollo et al. (2003), the volume concentration of particles in the solid packing condition was
taken as an estimate of the average bed | oad
will over-estimate the average bed load concentration because the particles were more loosely
packed when being transported as bed load. In this study, the average bed load concentration is
treated as a constant, and a value of 0.25 was used. Although this value naghgrgeough
esti mat e, but it doesnot af fect the correl at
thickness. The simulated and measured bed load thickness is plotted in Figure 22 to 34. Since the
strong threadimensional bed load transport featatehe beginning of the experiment cannot be
simulated by 1D model, the results were shown only att=1.00 s, 1.25 s and 1.50 s.

The results showed that the bed load thickness profiles were in reasonable agreements with
the measurements. The bed load khess was smaller in the upstream and then gradually
increased in the downstream direction. The discrepancy was most prominent shortly after the
gate, and propagated downstream. It is possible due to the strong vertical velocity created by the
water jet athe early stage of the dabmeak flow. As time elapses, this disturbance propagated

downstream and gradually dissipated. Therefore, the predicted bed load thickness was closer at



129

the later stage than is at the earlier stage. It can be also seen from3-anat 9 that when the

initial upstream water depth decreased from 35 cm to 25 cm, the discrepancy also decreased
because the disturbance from the initial water jet was expected to be smaller. Generally, the
current model was capable of simulating the ezkpents presented by Spinewine and Zech

(2008) regarding the development of the bed load layer thickness.

Conclusion

A onedimensional finite volume model was developed for simulating-egnlibrium
sediment transport in unsteady flows. The flow modeksed on the solutions of the revised St.
Venant equations in which flow density is a function of concentration of total sediment load. The
sediment transport model simulated both bed load and suspended load. Suspended sediment
concentration is determindxy a modified Rousgype distribution, which accounts for the effect
of flow convection on sediment transport. A physical model for-eguilibrium bed load
transport was established to derive an analytical expression for the bed load adaptation length.
The derived formula is verified with the experimental data of Jain (1992) and Bell and
Sutherland (1983), and is superior to the existing formulas in the literature. The resulting model
was tested with a series of laboratory experiments of dam break flemnmbile beds reported
by Spinewine and Zech (2008) and Fraccarollo and Capart (2002). Simulated results of water
surface profiles, bed profiles and bed elevation changes were compared with the measurements,
and showed not only agreeable results but #isoapplicability of the proposed methods for
guantifying the adaptation length and the suspended sediment recovery coefficient for simulating

non-equilibrium sediment transport in unsteady flow.
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List of Symbols

A = flow area;

A, = immobile bed area;

A, = area of bed load layer;

a = reference bed level,

B = width of the cross section;

C = the mean concentration of suspended load;

C,. = concentration of suspended sediment at the reference level at the equilibrium transport
state;

C, = actual concentration of suspended sediment at the reference level;

Cv = added mass coefficient;

C, = volumetric concentration of total sediment load;

C, = mean concentration of bed load,;
C, = sediment concentration at elevatian
D, = particle size;

Es and D = entrainment and deposition rate at the interface with the suspended load layer,

respectively.

g = gravitational acceleration;

h = flow depth;

h, = an integrated flow depth, and calculatechgs- %r'jhyzdy;
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h, = local flow depth at locatiory ;

L, = bed load adaptation length with and without the presence of bed form, redpect

n= Manningdbs roughness,;

P = entrainment probability of bed load patrticles;

p,, = porosity of immobile bed material;

Q = flow discharge;

Q, and g, = actual bed load transport rate and actual bed load transport rate per unit width,
respectively;

Q» and 9 = bed load transport capacity and bed load transport capacity per unit width,
respectively;

Q,, = bed load transport rate at=0;

R = hydraulic radius;

R, = Rouse number, defined & = bWZr ,

S(F) = source term including all the other terms exceptlie unsteady and convection terms;
SG= particle specific weight;

t= time;

u. = shearing velocity;

u, = velocity of the particles that are being transported in the bed load layer;

u,. = dimensionless velocity of the particles that are being transported in the bed load layer;
W, = submerged weight of particles;

X = streamwise distance;
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z, = watersurface elevation;
z = elevatio;
a = suspendetbad recovery coefficient;

b = a correction factor, the value of which can be determinett @4 for silt and clay, and

b=1+22q for sand;

-aDOR |

\'Ocpﬂ o

/ =length of saltation step;
k =von Karman constant;

m, = dynamic friction coefficient;

x = thickness of the bed load layer;

r = density of sediment laden flow;

r ,andr .= densities of water and sediment, respectively;

r, = density of bed material;

t, andt, = shear stress at the top and the bottom of the bed load layer;

zi anda = mean dimensionless shear stress at the top and the bottom of the bed load particle;
t s andt . = dimensionless shear stress at the top and the bottom of the bed load layer;

w, = settling velocity;

Gs = verticle flux of sediment mass at the interface with the suspended load layer;

G; = verticle flux of sediment mass at the interface with the bed load layer;

DM = particle momentum loss during the impact with the bed surface;

DM, = net momentum flux across the surfaces of the control volume;
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Dt, = duration of one saltation step;
Du, = partcle velocity loss during the impact with the bed surface;
Du. = dimensionless particle velocity loss during the impact with the bed surface;

*subscripti denotes the node number, supersarigénotes the time le
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Tables
Table B1. Parameters faelected experiments
U@mis)* H(m) D (m) U * Y L(m) L_cal(m)
1 ** 0.71 0.137 0.0038 0.046 0.037 40 65.8
2 0.82 0.128 0.0038 0.060 0.037 25 10.4
3 0.72 0.220 0.0021 0.127 0.045 1.1 0.74
4 0.67 0.190 0.0021 0.110 0.045 0.78 1.01
5 4.90 0.150 0.00024 0.067 0.025 9 89
6 9.30 0.150 0.00024 0.440 0.025 2 44.4
*U: flow velocity; H: flow depth; D: particle

measured adaptation length; L_cal: calculated adaptation length.

** 1, 2 from experiment of Jain (1992); 3, 4 from expeent of Bell and Sutherland (1983); 5, 6 from

experiment of Bagnold (1936).

Table B2. Comparison with other formulas

L (m) L_cal (m) PS(m)* VR (m) AD (m)

1 ** 40 65.8 0.22 0.049 0.055
2 25 10.4 0.57 0.115 0.059
3 1.1 0.74 1.12 0.135 0.019
4 0.78 1.01 0.89 0.109 0.022
5 9 89 0.07 0.012 0.003
6 2 44 .4 0.65 0.098 0.005

si ze;

*PS: formula of Phillips and Sutherland (1989); VR: formula of van Rijn (1987); AD: formula of Armanini and
Disilvo (1988).

Table B3. Initial condition of darrbreak experiments in 8gwine and Zech (2008)

Zsu (m) Zbu (m) Zsd (m) Zbd (m)
a 0.35 0.00 0.00 0.00
b 0.35 -0.05 0.00 0.00
c 0.35 0.05 0.00 0.00
d 0.35 0.10 0.00 0.00
e 0.35 0.325 0.00 0.00
f 0.35 0.10 0.10 0.00
g 0.25 0.00 0.00 0.00
h 0.35 0.00 0.00 0.00
i 0.35 -0.05 0.00 0.00
] 0.35 0.05 0.00 0.00
k 0.35 0.10 0.00 0.00
I 0.35 0.325 0.00 0.00
m 0.35 0.10 0.10 0.00
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Figure B3. Comparison of calculated and measured-emuilibrium adaptation length



0.4

0.3

0.2

0.1

elevation (m)

-0.1

-0.2

—1=().25 s, Mea.
T, — t=0.75 s, Mea.
- S, —— t=125's, Mea. |-
T, s £=().25 3, Cal.
o, w1=0.75 s, Cal.
L - t=1.25 s, Cal.
2 -1 1 2 3

distance (m)

Figure B4. Simulated and measured profiles for configuration (a)

0.4 . ‘
—1=().25 s, Mea.
“‘-.," — t=().75 s, Mea.
03l o, ""."‘ — =125 s, Mea. |
S\ U\ U R t=0.25 s, Cal.
o, s (=(),75 5, Cal.
0.2F
E
=
2 0lr
I
>
2
[
0 L
0.1
_0'2 1 1 1 1
3 2 -1 0 1 2 3
distance (m)
Figure B5. Simulated and measured profiles for configuration (b)

140



141

04 . : ‘
—1=().25 s, Mea.
", —t=(.75 s, Mea.
03k " *, — t=1.25 s, Mea. |-
e 10,25 s, Cal.
- 1=0.75 s, Cal.
02k =~ t=1.25 s, Cal.
E
=
2 01r
]
>
L
[
0 L
0.1F 4
_0'2 1 1 1 1 1
-3 2 -1 0 1 2 3

distance (m)

Figure B6. Simulated and measured prefilfor configuration (c)

0.4 ' ' ‘
—t=0.25 s, Mea.
— t=0.75 s, Mea.
03l — (=1.25 s, Mea. |-
SN N N t=0.25 s, Cal.
= 1=0.75 s, Cal.
0.2+
E
=
2 0.1
<
>
L
[
0 .
-0.1r _
-02 ) ) L 1 Il
s B -1 0 1 2 3

distance (m)

Figure B7. Simulated and measured profiles for configuration (d)



0.4 ' ' ‘
—1=().25 s, Mea.
— t=().75 s, Mea.
0sl — t=1.25 s, Mea. |-
e 1=().25 s, Cal.
s 1=(), 75 5, Cal.
AN O t=1.25 s, Cal.
E
=
2 01r
]
>
L
[
0 -
0.1r _
-0'2 ) . 1 1 1
_3 _2 _] 0 ] 2 3

distance (m)

Figure B8. Simulated and measured profiles for configuration (e)

0.4 ' ' ‘
— t=0.25 s, Mea.
— t=0.75 s, Mea.
03F ——a|
SO N N A— t=0.25 s, Cal.
s 1=(), 75 5, Cal.
N N t:1,25- s, Cal.
E
=
£ 0.1
I
>
2
[
0 .
-0.1r _
-0'2 ) . 1 1 1
2 > -1 0 1 2 3

distance (m)

Figure B9. Simulated and measured profiles for configuration (f)

142



0.4 ' ' ‘
—1=().25 s, Mea.
— t=().75 s, Mea.
0sl — t=1.25 s, Mea. |-
w t=0.25 s, Cal.
Ty = =0.75 s, Cal.
0l . 3 - t=1.25 s, Cal.
E
=
2 01r
]
>
L
[
0
0.1r _
-0'2 ) . 1 1 1
_3 > -1 0 1 2 3

distance (m)

Figure B10. Simulatedand measured profiles for configuration (g)

0.4 . T ‘
—1=().25 s, Mea.
Y % — t=0.75 s, Mea.
03F ".,“ N —t=].25 s, Mea. |4
T N \ W I t=0.25 s, Cal.
e 1=() 75 5, Cal.
02F
E
=
2 01r
I
>
2
[
0
0.1F ]
_0'2 1 1 1 1 1
-3 2 -1 0 1 2 3

distance (m)

Figure B11. Simulated and measured profiles for configuration (h)

143



0.4 T w
—=(0.25 s, Mea.
. ”‘-.". % —t=().75 s, Mea.
03} ‘ — =125 s, Mea. |-
o, '».,’ e t=() 25 5, Cal.
o, = 1=0.75 s, Cal.
02+ :
E
=
2 01r
]
>
L
[
0 L
01F i
_0'2 1 1 1 1 1
_ 2 -1 0 1 2 3

distance (m)

Figure B12. Simulated and measured profiles for configuration (i)

0.4 . . :
—1=().25 s, Mea.
&Y % —— t=0.75 s, Mea.
03k ", X — =125 s, Mea. |
B U N t=0.25 s, Cal.
e $=().75 5, Cal.
0.2F
E
=
2 0lr
I
>
2
[
0 L
0.1 1
_0'2 1 1 1 1 1
3 2 -1 0 1 2 3
distance (m)
Figure B13. Simulated and measured profiles for configuration (j)

144



145

0.4 . T ‘
—1=().25 s, Mea.
""..-.., ., —t=0.75 s, Mea.
03k —1=1.25 s, Mea. |4
™ wammanen t=() 25 5, Cal.
= t=0.75 s, Cal.
02k =~ t=1.25 s, Cal.
E
=
B 0.1 [remm——— -  __—— 2
] )
>
L
[
0 L
0.1F 4
_0'2 1 1 1 1 1
-3 2 -1 0 1 2 3

distance (m)

Figure B-14. Simulated and measured profiles for configuration (k)

0.4 ' ' ‘
—1=().25 s, Mea.
— t=().75 s, Mea.
0sl —1=1.25 s, Mea. |4
------------------ t=0.25 s, Cal.
= t=0.75 s, Cal.
Y | | R — t=1.25 s, Cal.
E
=
2 01r _
]
>
L
) -
0 -
0.1r _
-02 ) ) L 1 Il
_3 > -1 0 1 2 3

distance (m)

Figure B15. Simulated and measured profiles for configuration (l)
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Figure B23. Simulated and measurement bed load layer thickness for configuration (a)

0.2 : ' ' ‘ '

*t=1.00 s, Mea.
t=1.25 s, Mea.
.................. t=1.50 s, Mea.
015k — t=1.00s, Cal. |7
—t=1.25 s, Cal.
—t=1.50 s, Cal.

0.1

0.05

bed load layer thickness (m)

_0'05 1 1 1 1 1 1 1
-1 -0.5 0 0.5 1 1.5 2 2.5 3

distance (m)

Figure B24. Simulated and measurement bed load layer tegkifor configuration (b)
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Figure B25. Simulated and measurement bed load layer thickness for configuration (c)
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Figure B26. Simulated and measurement bed load layer thickness for configuration (d)
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Figure B27. Simulated and measurement bed l@aebt thickness for configuration (e)
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Figure B28. Simulated and measurement bed load layer thickness for configuration (f)
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Figure B30. Simulated and measureméatd load layer thickness for configuration (h)
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Figure B31. Simulated and measurement bed load layer thickness for configuration (i)
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Figure B32. Simulated and measurement bed load layer thickness for configuration (j)
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Figure B34. Simulated and measurement bed load layer thickness for configuration (1)
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Abstract

This study developed a owemensional numerical model for the simulation of unsteady
flow and the resudint soil erosion in irrigation furrows. The model solves a modified version of
the SairtVenant equations that consider the loss of mass and momentum due to infiltration and
sediment transport. The transport rate of fine sediment was predicted with &edcahdilirsen
(1958) formula that treats the tractive shear stress as a function of both Reynolds number and the
particle size. The modified Laursen formula was verified using the erosion data measured in the
field and in a laboratory flume. The model actehapredicted flow advance times and outflow
hydrographs in comparison with data measured in irrigation furrows at Kimberly, Idaho.
Sediment discharge predictions were less accurate.

Key words

Irrigation Furrows, Unsteady Flow, Infiltration, Sedimentrisport
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Introduction

Numerical simulation of flow and sediment transport is of practical importance in
agricultural practice. Fertilizer and nutrient essential to crops are attached to the soil surface and
transported along the furrows by the igign flow. To optimize nutrient delivery to crops
requires accurate predictions of flow and sediment transport in irrigation furrows. The kinematic
wave model and zenmertia model were commonly used for flow routing in early studies
(Strelkoff and Katopdes 1977; Elliott et al. 1982; Walker and Humpherys 1983; Schmitz and
Seus 1992)Such models are stable and efficient for prismatic channels. These studies showed
that the zeranertia model is applicable with negligible errors for surface irrigation 86 small
Reynolds numbers, and the kinematiave model is more applicable to furrows of steeper
slopes. However, these models neglected fluid acceleration and thus their accuracy is limited for
unsteady flows. Onrdimensional numerical models solvingetbhallow water equatiorfSakkas
et al. 1994; Abbasi et al. 2003)ere reported for simulating irrigation flows in furrows.
Although these models are the most rigorous for simulating irrigation flows, they require stable
numerical schemes and more compatel power to obtain accurate solutions.

Several sediment transport models have been developed for furrow irrigatior{Liloetsal.

1987; Strelkoff and Bjorneberg 2001; Bjorneberg et al. 208d) of them calculated the
sediment entrainment rate bdsen two parameters, the soil erodibility and the critical shear
stress under the clear water condition. There are no theoretical formulas for determining either
the soil erodibility or the critical shear stress for fine grained sediment, which thenonked t
determined by experimental data. On the other hand, although many sediment transport formulas
are available, nearly all of them are for sand and gravel, and cannot be used to predict the

transport of fine sand, silt, and clay in irrigation furrowstel&off and Clemmeng2005)
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suggested a modification to the Laursen (1958) formula for tharslitlay-sized particles.
However, the revised Laur s e n2008) latke venfigaticm in( St r e |
both laboratory and field data.

This studyaims to develop a numerical model to simulate unsteady flow, sediment transport
and infiltration in irrigation furrows based on the atimensional shallow water equations. To
accurately predict fine grained sediment transport in furrows, this study xgedneental and
field data to verify the modified Laursen formula (Strelkoff and Clemn@%), and then
implemented it in the model. The model is then applied to simulate an irrigation flow in furrows
at Kimberley, Idaho. The modeling results were ewaldiaby comparing them with the

experimental measurements.

GoverningEquations

The governing equations include the St. Venant equations modified by treating the density of
sediment laden flow as a variable (Eq)land the sediment mass conservation equ&kq.3).
Flow infiltration is considered as a sink term in flow mass and momentum conservation equation

(Eq.1 and 2). The governing equations in adopted in this study are as follows:

u(rA) N u(rQ) + u(r,A) —_ riL (1)
Y Meag
Brg)s HE 8y gale Loan W, oA
ut( )+px? I AR EALITARE AR A
E(ac)+E(Qo)=5 3
L A0+ (0) G

wheret = time (s); X = longitudinal coordinate (m)r = density of the watesediment
mixture (kg/n¥), in which r = r(1- C)+r_.C, ard r,, and r, are the densities of the water

and sediment, respectively (kghmC = volumetric concentration of total sediment loal=

crosssectional flow area (A Q = flow discharge (fils); r, = density of mobile bed layer
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(m®s), calculated as, =r,p,+ rs(l- pm), in which p,, is the porosity obed loadsediment;

A, = mobile bed area (fn i = infiltration rate (m/s); L = furrow spacing (my = gravitational

B
acceleration (mf3; z, = watersurface elevation (M, = b ydy/A, in which h,, is the
0

local flow depth (m), andy is the transverse coordinate along the cross section nrs);
Manning roughnessR = hydraulic radius (m)u = flow velocty (m/s); S = volumetric
sediment exchange rate per unit length between the transported sediment and the stationary bed
layer (nf/s). Because the sediment in irrigation furrows are fine grained, S can be determined by
the mass conseriran equation (Wu and War07):

s=B(E- D)=(1- pm)ﬂ (4)
where B = width of the cross section (m), E = entrainment ratzxper unit width (m/s), and D =
deposition rate per unit width (m/s). E is calculated as (Celik and1R?88):

E =waC’ (5a)
wherew, is the settling velocity (m/s)C* is the volumetric concentration of sediment load at

equilibrium; anda is the ratio of sediment concentration in the reference level to the depth
averaged concentration. Wu and, Wa '@, in(wki€ch0 7) c a
lbequals a constant value of 2.0. Thisnpoésé&nt
will requires the sediment concentration distributions in the vertical at theequalibrium

sediment transport regime.

An expression for D (Celik and Ro##88) is used in this study:

D=waC (5b)
Phillips and Sutherland (1989) suggested that there is a lag between the flow and the

corresponding sediment transport capacity. The-awuilibrium sediment transport model
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assumes thaC reachesC’ only after a certain distance, which is more realistic than
equilibrium sediment transport model for simulating sediment transport in unsteady(\laws
2004;El kadi Abderrezzak and Paquier 2009). The +egulibrium sediment transport rate needs

to becalculated using the equlibrium transport rate at a given flow condition.

Sediment Transport Formula

C’in Eq.5ais the volumetric concentration of the total sediment load at equilibrium. And it

can be calculated by a sediment transfmrhula for fine grairsized particles as:

. Gg
C 0 (6)

Among several sediment transport formulas, the Lauf$858)formula has been judged
applicable for calculating the volumetricrazentration of the total sediment load in ephemeral

streams. The Laursen (1958) formula is written as:

alt/ 0
AD 6 3 A (0]

G, :o.onS‘e—Sfa/%s §F r &0 (7)
C R+ Ctes - é@ s a

where G, = mass flux of sediment at transport capacity (Kgl3);= particle size (m)f = total
wal | s hear ?, sardcas besevaluateg bynvARS , where S, = friction slope;t, =

tractive shear str ®sg = aitical sheae strgss antigient Imetion( k g/ mA

( k g f);nfFAis the empirical sediment transport capacity function in Lau¢$668) which
suggested calculating the tractive shear stress for the fully rough boundary layer flow with the
StricklerManning relationsip. However, the size of sediment particles in the present study is
comparable to the thickness of the viscouslaybr. Strelkoff and Clemmer{2005)argued that

the StricklertManning relationship in the Laurs€h958)formula is not accurate for finezed
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silt and clays because those sized particles are immersed in the viscous boundary layer. The

modified form of the Laursen (1958) formula (Strelkoff and Clemn2€08) is below,

& [% D 8°z‘ : %8
G, =0.01rQ — = 1 582Fa——0 (8)
&V R = 2% §
& 0 b
G + & '
wheref  is calculated as:
fru?
ty= 9
=g (©)

where f = the DarcyWeisbach friction factor, which can be determined by the Moody diagram.
I n this study, tfficient iDa@lcutatgddby anf afternativel ptotnpropgosed by

Rouse(Fig.109, Rous€el946) in which the Reynolds number and the relative roughness are

needed. The modified Laursen formula is used to calc@atén this study.

Infiltration Model

Sediment transport will increase flow resistance and consequently reduce flow velocity,
which will change the opportunity time for infiltration. This study accounts for the effects of
sediment transport on flow hydrodynamics and infiltration. Forctime that measurements of
infiltration depth with time were available, the empirical Kostiakov (1932) formula was used to
derive a curve of infiltration depth versus time, based on which the infiltration depth can be

calculated at any given time (Strelk@ind Souza 1984; Bautista and Wallender 1992; Garcia

Navarro et al. 2004). The infiltration rate, can be calculated ais;g—f, and z = depth of

infiltration (mm), defined as the volume of water infiltrated per améa of furrow. z can be

calculated by the Kostiakov (1932) formula as:

z=kty (10)
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wheret, = opportunity time (hour), i.e., which is tieemulative period of flow at a given

location; andk (mm/hib) and b (dimensionlessjire empirical constants, calibrated empirically

with experimental data.

Numerical Method

An explicit scheme is established in WadaWang (2007) for solving the St. Venant
equations and sediment transport equation. By substituting Eqg.3 into Eq.4, then substituting Eq.3
and EqQ.4 into Egs:2, and replacing the density of the sediment laden flow

r= rw(l- C)+ r .C, Eqgs.13 can beisnplified and rearranged as:

PALRQ_ B (g p)iL 11
W, naQ’s . nQQ 1 . 1w
JL S T = A__ — h__
it ux%Aa J X AR 29 P roux (12)
Fo~lunpd C G- .y .
- Bu? = png D)- iLu
W W
~(AC)+—=(QC)=B(E- D 13
m( ) UX(Q) (E- D) (13)

The detailed derivation of Eq.4113 is shown in the Appendix. Compared to the classical
form of the Saint Venant equation with infiltration, additional terms related to sediment transport
are included in Eq.11 12. The first term in the RHS of Eqg.11 is due to the reduction in cross
sectional area from sediment deposition/erosion. The third term in the RHS of Eq.12 is an
additional contribution of momentum convection by treating the demditwatersediment
mixture as a spatial variable, and the fourth term is the source of momentum due to sediment

entrainment and deposition on the bed surface. The difference between entrainment and
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deposition is also the source term in the RHS of Eq.h8. importance of these terms depends

on the magnitude of sediment transport rate. Eqd.31dan be written in vector form as:

eHF HF( )_
S(F (14)
| it KX SF)
where
eA g Q o
4 ) €, u
F=2 o F(F):(_;.QZ/AU
EACH &QC 4
> B
g'1 P (E-D)-i 3
@ " 2Q|Q| o 3
e bz 1 1w N - lug a
F)=¢é gA— - —gAh ——- - E- D)-
)= N GO e R g e D) g
®B(E- D) u
¢ u
e g

S(F) is the source term including all the other terms except for the unsteady and convection
terms in Egs. 113. The Goduno¥ype finite volume method eltmtes the value df at time

N+1 ysing the value at tim8 (Toro 2001):

+DLCB" (15)

|- OOOz

a
Finﬂ:Fin"'E%:.nl' .1
ng i+ i

Different choices for the flu¥ will result in different numerical schemes. This study
adopted the firsorder upwind scheme, which has been proved to provide robust and accurate

results in the numerical tegfging et al. 2004, Zhang and Du2f11)

Verification of the Sediment Transport Faria

To determine the transport capacity for fgrained sediment as used in this study, a flume

experiment was conducted at the Department of Civil Engineering & Engineering Mechanics
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(CEEM), University of Arizona. The flume is 0.6 m wide, 12.2 m longnuwith a flat, fixed
bed (Figure 1). Water is provided from a large tank into the flume, and the flow rate is controlled
by a valve installed at the inflow pipe. Portneuf silt loam soil from a fuirogated field at
Kimberly, Idaho, was placed in theigdle of the flume with a uniform depth of about 0.12 m.
The Portneuf soil is unstable and susceptible to erosion, containing ab?if@26lay, 6570%
silt and 0.91.7% organic matter§Lehrsch and Brown 1995particle size distribution was
obtained by aaser diffraction analyzer in the Soil Center for Environmental Physics and
Mineralogy (CEPM) at the University of Arizona. The measurable size range {20040 0 & m.
Since the dispersing chemicals used for treatment could greatly affect the partidliegbon
property in the size analysis, the soil samples were analyzed with and without the dispersing
chemicals. The results from the two different procedures were both plotted in Fig.2.

Two series of flume experiments were conducted. Treefies of expemental runs have a
clear water inflow without feeding sediment at the flume entrance. For each run, flow discharge
was adjusted with a valve, and measured with a stragied rectangular weir installed at the
downstream end of the flume. The velocity atalv depth were measured with a Sontek
Acoustic Doppler Velocimeter located at the cross section where the sediment samples were
collected. The suspended load samples were collected using a W& Bhispended load
sampler, and thbed loadsamples werecblect ed i n a 38. 1 ptasicbox 7. 6 2
embedded in the sediment layer with its edge at the same level as the top surface of the sediment
layer. The suspended load samples were first filtered using filtering papers with a pore size of 1.6
€ mThen, all the samples were dried and weighted for determining the sediment transport rate.
For the 2% series of runs, sediment was fed manually at the inlet at a constant rate equal to the

erosion rate in the®iseries of runs, to mimic the equilibriuradiment transport conditions. The
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abovedescribed procedure was repeated to collect the suspended lobddaloidsamples to
determine the equilibrium sediment transport rate.

The transport rate of Portneuf silt loam soil was also measured at the USIDA fi
experiment station at Kimberley, Idaho by Bjorneberg €2806) Three furrows were irrigated
with clear water at three different discharges, i.e., 3.7xtfs, 4.7x10" m¥s, 5.7x1¢" m?s,
respectively, with each of the discharges repeated timees on three different days. The
furrows were 180 m long, with cross sections close to parabolic, with a top width of 0.2 m and a
depth of 0.1 m. The bottom slope of the furrow was 0.0124. The soil in the furrows was the same
as the Portneuf silt loamm ithe flume experiment. The duration of the irrigation flow was 5.5
hours. Discharge and sediment load were measured at x = 45 m, 90 m, 135 m and 180 m at eight
different time instants. Details of the field experimental setup can be found in Bjornelaé¢rg et

(2006)

Results of the Experiment
The results of the flume experiment are summarized in Table 1 and Table 2, inGyhich

G,,, G, are the mass fluxes of suspended Idael] load and total load respectively. The

measurements of discharge, infiltration volume and sediment loss are summarized in Table 3.
Using the data from both experiments, we plotted the sediment discharge per unit width versus
the tractive shear stress in Fig.3, and the vottimeediment concentration versus the tractive
shear stress in Fig.4. The correlation coefficiebgtween the sediment discharge per unit width
and the tractive shear stress was 0.883 excluding the flume data without sediment feeding.
Whereas) betwea the volumetric sediment concentration and the tractive shear stress is less

than 0.707, especially the field data were clearly separated from the experimental data. This
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indicates that the volumetric sediment concentration is less correlated with dfnee tshear
stress than the sediment discharge per unit width.

Fig.5 compares the measured sediment transport capacity with values calculated using Eq.7
using measured flow depth and velocity. Since the soil in both experiments is a mixture of fine
sand, 8t and clays, a representative sizeeds to be determined. The two mean sizes obtained
with and without the chemical di spersion trea
sediment transported in the flume may flocculate, to accurately represent the size of sediment
transported, tlsi study used the mean sediment size obtained without treating the mixture with
dispersive chemicals. Figure 5 shows the predictions of Eq.7 matched very well with the
measurements from the furrow and flume experiments without sediment feeding, but under
predicted the measured transport rate in the flume experiments with sediment feeding. Therefore,
Eq.7 is the most appropriate formulas for predicting the transport rate of Portneuf silt loam soil

when the inflow is clear water, and thus, it was implememteldd model.

Model Verification

The proposed model was tested with the aforementioned furrow experiments conducted at
Kimberly, Idaho (Bjorneberg et a]2006) Those experiments applied inflow rates of 0.37%10
m/s, 0.47x10¢ m¥s and 0.57x13 m¥s, espectively. Since the numerical scheme is explicit, the
CourantFriedrichsLewy (CFL) condition is a necessary but not sufficient condition for
computational stability. The modified St. Venant equations (Ef3)1which include the effect
of infiltration on flow continuity and momentum equations and treated the density of sediment
laden flow as a spatial variable, requires a small time step to achieve stable solutions. The time
step for flow simulation was 0.3 s. The simulation reach was uniformly divided®0 reaches

with a total of 21 cross sections. A flow hydrograph was generated corresponding tadfie cut
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time in the experiment, and used as the upstream boundary condition for flow. The sediment
concentration was assumed to be zero at the upstreandary. The initial condition was set as

a uniform flow at a threshold discharge. A minimum flow depth of 1 mm was assumed in the
model to avoid a drped condition.

The sediment transport model used the mean sedimentssize d4 7 & m. Thre crit
stress for t hsein E9.08) was xrapolated llireearly fokd Figure 6 using
experimental measurements. It is shown that the sediment transport started at approximately 0.15
Pa to 0.25 Pa for flume and field experiment, which is much ldnger the critical shear stress
for cohesiveless particles determined by Shields diagram. In this study the critical shear stress is

taken as 0.2 Pa. The empirical constants in the Kostiakov infiltration formula were also
calibrated from the field measurénfiltration data withH assumed as a constant value of 0.6,

while different values ok, 6.0 mm/hf, 65 mm/hP, 7.5 mm/hP, were obtained and used for
three inflow rates, 0.37xT0m%s, 0.47x1G m%s and 0.57x1® m¥s, respectively. Non
equilibrium sediment transport parameter U is
The stream advance time at different inflow satéas compared with the measured data and
is shown in Figure 7. The time for flow to advance to the channel end was predicted by the
model at 72.5 min, 43.8 min and 34.5 min, compared to the measured values of 68 min, 38 min
and 41 min, for the inflow rase of 0.37x1G m%s, 0.47x1G m%s and 0.57x1® m?s,
respectively. The model either ovaredicted or undepredicted the measurements at other
locations. It is obvious that the advance time will be significantly affected by the soil infiltration
rate sed in the model. Since the infiltration formula parameters were assumed uniform along the
entire furrow, these results indicated although the soil is homogeneous the infiltration rate varies

along the furrow.
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Table 4 summarizes the simulated and meaktotal flow volume, the total soil loss and the
temporallyaveraged sediment concentration at different locations. Comparisons of simulated
flow hydrographs at x = 45 m, 90 m, 135 m and 180 m for three different inflow rates with the
measurements are st in Figure 8, Figure 9 and Figure 10, respectively. The mean errors (ME)
of measured and simulated discharge for the three inflow rates, are 0.955%4,00.067x15
m%/s and 0.052x18m%s, and the root mean square error (RMSE) is 0.050n 6, 0061x10°
m%/s and 0.043x18m%s. The errors in the three cases are 13.7%, 13.1% and 7.7% compared to
the designated inflow rates. Thus, the simulated results matched the field measurements very
well, which confirms that the simulated unsteady flow fisldccurate.

The simulated sediment discharges per unit width at the same location for three inflow rates,
Q=0.37x10° m¥s, 0.47x10 m%s, 0.57x1G m*/s, were also plotted versus time in Figures 11
13, respectively. The sediment discharge per umidthwincreased with the discharge, and
gradually approached the transport capacity after the flow reached steady state. The simulated
sediment discharge was within the range of the measurements. However, the sediment discharge
shows a decreasing trend afee peak was reached shortly after each experiment starts. The
current model does not predict such a decreasing trend. The reduction of sediment discharge as
flow reached the steady state is likely due to the armoring of bed surface (Duan and Scott 2007).
As time proceeds, finer materials are easily entrained and transported away at a higher rate than
the coarser materials. An armoring layer gradually forms at the bed surface preventing the
transport of fine materials in the substrate bed layer. The assangbtnonselective transport
of bed material may cause the oyeediction of sediment load. The calculated sediment
discharges were also plotted versus the measured ones in Figure 14. For the inflow rates,

0.37x10* m*¥s and 0.47x1® m¥s, the predictins are better than those for the inflow rate,
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057x10°m¥ s, where the simulated data points exhi
The mean errors (ME) of measured and simulated sediment discharge for the three inflow rates,
are 0.35x18 Kg/s, 0.55x13 g/s and 0.89x18g/s, and the root mean square errors (RMSE) are
0.45x10° Kg/s, 0.72x10 Kg/s and 1.12x1® Kg/s. Although the simulated results did not
perfectly agree with the measurements, these results showed the developed mpdélesota
predicting flow, infiltration, and sediment load in irrigation furrows with reasonable accuracy.
Further improvements in predicting sediment load depend on more accurate sediment transport
formulas for fine grain sized sediment. The selectivespart mechanism of fine grain sized
sediment are different from gravel sized sediment because the transport of silt and clay sized
sediment is closely associated with turbulence properties rather than bed shear stresses. A
selective transport model of fireediment including the effect of turbulence flow properties

needs to be developed.

Conclusion

A Godunovtype onedimensional finitevolume unsteady numerical model is developed for
simulating flow and sediment transport in irrigation furrows. Modifiedv@nant equations were
used as the governing equations for the unsteady flow. Additional source terms were added to
treat the density of sediment laden flow as a variable. As to the sediment transport model, the
nontequilibrium sediment transport algdmih was used by treating the sediment mass exchange
between the transported materials and the stationary bed as the source in the Exner equation. An
upwind numerical scheme was used to discretize the convection term to ensure numerical
stability. The discrézed equations were then solved by a tim&tching explicit algorithm. The

flow loss due to infiltration is included in the St. Venant equation as a source term. The empirical
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Kostiakov formula was implemented to approximate the infiltrations into theugialse as flow
advances in the furrow.

Because a reliable sediment transport formula fordnman sized sediment is currently not
available, this study revised the sediment transport formula of Strelkoff and Clemmens (2005),
which is an extension of thHeaursen (1958) formula. The measurements of flow and sediment
discharges from both the furrow experiments and a flume experiment showed a high correlation
between the tractive shear stress and the sediment discharge per unit width. The tractive shear
stress for fine particles should be only a function of Reynolds stresses and the thickness of
viscous subayer. Thus, the tractive shear stress should include both hydraulic smooth, transition,
rough flow regimes as described in the Moody diagram. The refosedlla showed reasonable
agreements between the predicted and the measured sediment discharges from both the furrow
and the flume experiments.

The developed model was tested using several irrigation experiments in furrows conducted
in Kimberly, Idaho (Bprneberg et al. 2006). The simulated advance time, flow hydrographs and
sediment discharge were compared with the measurements. The simulated advance time and
flow hydrograph agreed well with the measurements, and the simulated sediment discharge in
generd matched the measurements with some discrepancies. Further improvements in model
predictions, especially the prediction of sediment discharges, rely on a more accurate sediment
transport predictor for fine grain sized sediment and an appropriate sel&otvsediment

transport algorithm.
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Appendix Derivation of Governing Equations

Egs.}4 can be written as:

u(rA) , wrQ) , ulruA) _

A-1
TR ut (A1)
Hio)s & Q8  al Lo b, MQQ _
pt( ) pxégAﬁ rgA“X+ZgAhpr+rg Ré (A-2)
Hiac)+ 2 (00)=BE- D A-3
m( )+“X(Q) (E- D) (A-3)
(- pm)“’* B(D- E) (A-2)

where the density of watsediment mixture and the bed materials is a function of sediment

concentration, and can be expressed as:

r=rC+r,(1-C) (A-5)

=r (L= Pn)* 7Py (A-6)
Substituting Eg. A5 and A6 into Eg. A4, one obtain

lrcer- el {rcer - b+ {lr. 6 po)+ rupla}=0 a)

Rearranging Eq.4, it yields:

r aéﬁ+£8+ - rw)gﬁ(AC) (QC)H+r pmH:tb +r (1- pm)%=0 (A-8)

Substituting Eq.A3 and A4 into Eq.A8, Eq.A8 becomes:



r ££+“Q8+ (r,- r,)BE- D)+ r,—2B(D- E)+r B(D- E)=0
"ol X+ 1Py

Rearranging, A becomes:

Multiplying both sides of Eq.ALO by C, Eq.A10 becomes:

c%u:@:LB(E- D)
Ut X 1- pm

Combining Eg. A11 and Eq.A3, it yields:

uc uC a o}
A= Q= (E- D)
IJ:t HX é@ 1- Pm iﬁ
EqQ.A-2 can also be written as:
2N2 2
f£+QK+ fE%Q_§+Q—E+ rgA“ZS +— gAh Wy rg Q|Q|
o T wEAY A bx T AR

Substituting Eqg.Ab5 into Eq.A13, one obtas:

eHQ UQ gﬁ :;t[f C+r,(1- C)]+T—[fC+r @-c)

em IXGA =
+ rgAlJZS += gAh L rg Q|Q|
MX MX AR/

Rearranging, Eq.A4 becomes:

e
HQ H%Q 814__(, oy )ad\uC+Q“CO
eut UX(; ¢ M pX =
+rgA&+—gAhp£+rg QIQI—O
w27 Tk aR?

Substituting Eq.AL2 into Eq.A15, it becomes:
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(A-9)

(A-10)

(A-11)

(A-12)

(A-13)

(A-14)

(A-15)
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€ aQ’ oo & C @
r&2 B2 g2 - - (e D)
gt IXEA ;1 A ¢ 1-p,z A16
‘QQ (A-16)
+,.gAqu +_gAhp£+fgn m =0
MX pX ARA
Rearranging, AL5 becomes:
Q, pa w, 1w nQQ Qr,-r,8 g
-rgA—- —gAh, —- rg - = - (E D)(A 17)
[t MXE,E_B w2 RE A B P

Eq.A-10 and Al17 are identical to Eq.1E(q.12 except that the infiltration is neglected here.

List of Symbols

A = crosssectional flow area (FDI;

A, = mobile bed area (1

B = width of the cross section (m);

C = volumetric concentration of total sediment load;

C’ = volumetric concentration of sediment load at equilibrium;
D = depositiorrate per unit width (m/s);

D, = particle size (m);

E = entrainment rate per unit width (m/s);

F = empirical sediment transport capacity function in Lau(4658)
f = DarcyWeisbach friction dctor;

G, = mass flux of sediment at transport capacity (Kg/s);

g = gravitational acceleration (n)s
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B

hy = [ ydy/A, an equivalent depth in momentum equation;
0

h,y = local flow depth (m);

i = infiltration rate (mm/s);

k = empirical coefficient in Kostiakov (1932) formula (mnfjar
L = furrow spacing (m);

n = Manning roughness;

p,, = the porosity obed loadsediment;

Q = flow discharge (¥is);

R = hydraulic radius (m);

r = correlation coefficient;

S = volumetric sediment exchange rate per unit length between thedrispediment and the
stationary bed layer (fs);

S, = friction slope;

S(F) = the source term in mass and momentum conservation equations;

t =time (s);

t,,,= Opportunity tme (hour), which is the cumulative period of flow at a given location;
u = flow velocity (m/s);

x = longitudinal coordinate (m);

y = the transverse coordinate along the cross section (m);

z =depth of infiltration (mm);

z, = watersurface elevation (m);
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a =the ratio of sediment concentration in the reference level to the depth averaged
concentration;

b = dimensionless empirical cifieient in Kostiakov (1932) formula;
r = density of the watesediment mixture (kg/f)

r,, and r_ = densities of water and sediment, respectively (Rg/m

r, = density of molie bed layer (n¥s)

t= total wall %hear stress (kg/ mAs
t,= tractive shear sfhress on the particle (kg
t.= critical shear str®ss at incipient motion

Ccs

w, = the settling velocity (m/s);
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Table G1. Results of Flume Experiments without Feeding at the Entrance

runl run2 run3 run4 runs runé
Q (m3/s) 0.030 0.041 0.053 0.065 0.076 0.085
h (m) 0.199 0.220 0.237 0.261 0.281 0.297
u (m/s) 0.314 0.389 0.445 0.491 0.550 0.582
Gss &10°Kg/s) 0.384 1.479 | 4.780 | 8.283 | 10.971 | 13.268
Gsb (x103Kg/s) 0 0.097 0.294 1.056 0.852 1.71
Gs (xlO3Kg/s) 0.384 1.576 5.074 9.340 | 11.823 | 14.978

* Q=discharge; h=water depth; u=flow velocity; Gss=mass flux of suspended load; Gsb=mass
flux of bed laad Gs=mass flux of total load.

Table G2. Results of Flume Experiment with Feeding at the Entrance

runl run2 run3 run4 runs
Q (m3/s) 0.045 0.055 0.067 0.076 0.086
h (m) 0.238 0.258 0.276 0.293 0.308
u (m/s) 0.329 0.395 0.437 0.481 0.556
Gss (xlO'*Kg/s) 1.409 4,799 11.209 10.445 11.241
Gsb (x103Kg/s) 0.867 3.527 6.343 11.887 9.915
Gs (xlO3Kg/s) 2.276 8.326 17.552 22.333 21.156

* Q=discharge; h=water depth; u=flow velocity; Gss=mass flux of suspended load; Gsb=mass
flux of bed load Gs=mass fly of total load.
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Table G3. Measurements of Discharge, Infiltration Volume and Sediment Loss in the Field

Experiment
Inflow Flow Volume
Rate 1/4 1/2 3/4 end
Furrow (x10°m?s) (m°/s) (m3/s) (m°/s) (m°/s)
1 0.367 7.071 5.555 3.941 3.343
2 0.483 8.003 7.846 5.911 5.153
3 0.583 10.587 9.055 6.714 6.228
4 0.467 9.290 7.805 6.443 4.981
5 0.567 10.220 7.973 7.277 6.057
6 0.383 7.408 6.105 3.917 3.291
7 0.383 7.598 5.547 4.271 2.680
8 0.467 9.726 6.309 5.940 4.630
9 0.567 12.144 9.375 7.893 5.526
Inflow Infiltration
Rate 1/4 1/2 3/4 end
Furrow (x10°m°/s) (x10°m) (x10°m) (x10°m) (x10°m)
1 0.367 7 22 24 9
2 0.483 24 2 28 11
3 0.583 17 22 34 7
4 0.467 1 22 20 21
5 0.567 19 33 10 18
6 0.383 4 19 32 9
7 0.383 1 30 19 23
8 0.467 -2 50 5 19
9 0.567 -8 41 22 35
Inflow Sediment Loss
Rate 1/4 1/2 3/4 end
Furrow (x10°m?s) (Kg) (Kg) (Kg) (Kg)
1 0.367 10.874 9.636 3.963 4.366
2 0.483 23.553 16.906 16.116 11.045
3 0.583 32.167 28.386 44.623 56.350
4 0.467 51.048 33.470 35.255 27.175
5 0.567 65.563 46.705 48.072 26.617
6 0.383 21.045 20.227 28.377 7.580
7 0.383 30.253 17.262 11.508 4.230
8 0.467 35.191 30.226 49.375 14.314
9 0.567 36.760 19.848 24.308 15.644
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Table G4. Comparison of the flow voloe, sediment loss and sediment concentration between
field data and model results for the Kimberly Experiment

Q Field
(x10° m¥/s) 1/4 2/4 3/4 end average
Flow 0.37 7.359 5.735 4.043 3.104 5.060
Volume 0.47 9.006 7.320 6.098 4.921 6.836
(m°) 0.57 10.984 | 8.801 | 7.295 | 5.937 8.254
Sediment 0.37 20.724 | 15.708 | 14.616 5.392 14.110
Loss 0.47 36.597 | 26.867 | 33.582 | 17.511 28.639
(Kg) 0.57 44830 | 31.646 | 39.001 | 32.870 37.087
Sediment 0.37 3 3 4 2 3
Concentration 0.47 4 4 6 4 4
(Kg/m?) 0.57 4 4 5 5 5
Q Model
(x10° m¥s) 1/4 2/4 3/4 end average
Flow 0.37 6.086 4.853 3.657 2.749 4.336
Volume 0.47 8.067 6.826 5.606 4.656 6.289
(m°) 0.57 9.952 | 8.614 | 7.292 | 6.254 8.028
Sediment 0.37 32.400 | 22.755 | 14.026 8.016 19.299
Loss 0.47 47.981 | 38.520 | 29.333 | 22.220 34.514
(Kg) 0.57 62.072 | 52.252 | 42.483 | 34.685 | 47.873
Sediment 0.37 52 4.2 3.1 2.0 3.6
Concentration 0.47 5.8 5.3 4.6 3.8 4.9
(Kg/m®) 0.57 6.1 5.8 5.3 4.7 5.5
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Figures

Figure G1. Overview of the experiment flume
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Figure G2. Cumulatve size distributions of soil samples
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Figure G12. Comparisonf simulated and measurseliment dischargeat Q=0.47x16 m%/s
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Figure G13. Comparisonf simulated and measursddiment discharget Q=0.57x16 m%/s
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Figure G14. Comparison of sediment discharge between simulated results and measured data



