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ABSTRACT

Computational Fluid Dynamics Coupled to Discrete Element Method {QERM) is widely used

in simulatingalarge varety of particulate flow system. This Euleriaagrangiartechnique tracks

all the particles included in the system by the application of point mass models in their equation
of motion. CFDDEM is a more accurate (and more expensive) technique companeuleriarn

Eulerian representation. ComparedRarticle ResolvedSimulations(PRS) CFD-DEM is less
expensive since it does not require resolving the flow around each particles and thus can be applied
to large scale system&leverthelessimulating indusial and natural scale systems is a challenge

for this numericatechnique This is because the cost of GIEIEM is proportional to the number

of particles in the system under consideratibinus, nassively parallel codes are used to tackle

these problemwith the help of supercomputers.

In this thesis the CFDDEM capability in the irhouse code Generalized Incompressible Direct

and Large Eddwimulation of Turbulence (GenlEST) is used tanvestigatdarge scale dense
particulate flow system<Central b the contributions made by this work are developments to
reduce the computational cost of GEIEM. This includes the development and validation of
reduced order history force model for use in large scale systems and validation of the representative
partide model, which lumps multiple particles into one, thus reducing the number of particles that
need to be tracked in the system. Numerical difficulties in the form of long integration times and
instabilities encountered in fully coupling the fluid and jgéetphases in highly energetic systems

are alleviated by proposing a partial coupling scheme which maintains the accuracy of full



coupling to a large extent but at a reduced computational cost. The proposeetpapiialg is

found to have a better comgence behavior compared to the full coupling in large systems and
can be used in cases where full coupling is not feasible or impractical to use. Alternative modeling
approaches for the tangential treatment of thesgufere impact model to avoid storingividual

impact deformation are proposed and tested. A time advancement technique is developed and
proposed for use in dense particulate systems with adpéwele impact model. The new
advancement technique allows for the use of larger time steps wdrichpeedip the time to

solution by as much as an order of magnitude.
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GENERAL AUDIENCE ABSTRACT

Computational Fluid Dynamics Coupled to Discrete Element Method {QERM) is widely used

in simulatinga large variety of particulate flow systemeverthelesssimulating industrial and
natural scale systems is a challenge for this numeechhique This is because the cost of CFD

DEM is proportional to the number of particles in the system under consider&tiercurrent

work aims to provide alternative efficient models that can reduce the computational requirement
of CFD-DEM. This includes reducindié computational time to run the calculation, reducing the
memory requirement, or providing an alternative method to get reasonably accurate predictions

when the proper implementation failsdonverge

Different elements of CHIDEM were targeted in theuorent work. The testing and validation

work covered different applications and ranged over wide operation conditions. Comparisons with
available experimental and numerical work was conducted to evaluate the suggested methods.
Good to reasonable agreemerats achieved with the suggested models and treatments. Savings
in calculation time and resources varies depending on what elements/models are being used. A
significant reduction of the calculation time and memory resources was achieved with the use of a
reduced order force model. The savings in computational timereamdory resources opens the

door for using the proposed modeh applications withHargedense systems of particladere

other models become impractical to .use
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Chapiler

|l nt roducti on

Two-approaches are commonly used to study granular/particulate flows, namely the Eulerian
Eulerian descption (or the twefluid-model, TFM) andthe Euleian-Lagrangian approach. In

TFM both the carrier and disperse phases are treated as two interpenetrating continuous phases
whil e Newtonds s econ d-Lagrangianiapproactste sblveithetion dfe E u |l €
individual particles. There are two patthat can be used in Euleribagrangian description, in
onemethodthe flow around each particle is resolvéauiticle ResolvedSimulationsor PRS and

the fluid-particle forces can be calculated by intgg fluid forces on the parteesurface. In the

second approackorce models are used to account for the various fluid forces acting on the patrticle
(point mass approach). When applied to dense particulate flow sytteapproach is known as
Compuational Fluid Dynamics Coupled to Discrete Element Method (OEHM). CFD-DEM is

widely used in simulating large variety of particulate flow systamrhis EuleriarLagrangian
technique tracks all the particles in the system by the application of poiatmuatels in their
equation of motion. CFIDEM is a more accurate (and more expensive) technique compared to
EuleriarEulerian representation. ComparedP®S CFD-DEM is less expensive since it does not
require resolving the flow around each particle s tan be applied to large scale flow systems.
Neverthelesssimulating industrial and natural scale systems is a challenge for this numerical
capability. This is because the cost of GBEM is proportional to the number of particles in the
system underansideration. Massively parallel codes are used to tackle these problems with the
help of supercomputers.

In this work, the CFEDEM capability in the irhouse code Generalized Incompressible Direct
and Large Eddy igwlation of Turbulence (GenIDLET) is ugd toinvestigatdarge scale dense
particulate flow systems. The existing implementationfivsisfurthervalidated inthe small scale
blind challenge problem[1]. The blind test was setup by National Energy and Technology

Laboratory (NETL) to validate multiphase flow solversodd to reasonable agreememas



achieved by comparingdifferent parametersf interest to the experimentaleasurementst

various operatig conditions.

Different numerical techniqsehat can reduce the cost of the calculation (tandbr memory
requirements) arproposedand validatedFive different aspects of CFDEM formed the topics

of the current reseeh: reducing the cost of CFDEM by coarse graining or lumping particles
together; development and validation of a history force model that is feasible to use in large scale
systems; investigating the impact of reducing the inherent coupling betweerspleesd and
continuous phases and improving the quality of prediction when the full coupling between the
dispersed and continuous phases is compromised; development of alternative tangential impact
models for the sofsphere collision frame work that elingite the need to store contact information

for each interacting pair of particles; and development of a new advancement technique- for time

driven hardsphere based dense flow simulations.

Lumping patrticles in representative particles or clouds (known asearaining) can help in
saving the computational time at the expense of some acctrepyesentative particle model
(RPM) was implemented in the-house code and code-code comparisons were made to
validate the implementation. The numerical appratsdif is developed by other researchers and
attempts are made in the current work to validate its applicability to different systems and to

identify and reduce sources of error that had an adverse impact on the quality of the predictions.

In many systemsvhenthe particle/fluid density ratio is not very largee history force can be
significantand cannot be neglectéldypical calculation of this force requires storing and using the
information of the particles throughout the whole simulation or at$éast hundreds or thousands
of previous/mostecent time step# reduced order model for the calculation of history force is
developed and validateid this work for use in simulations where large number of particles are
integrated over long times.

Enegetic flow systems can shatfficult convergence behavior (@il to convergg which may
require areductionof the degree of coupling between the continuous and dispersed pitases.
challenge was encountered in sediment transpuclationan turbulent open channelhe effects
of full and reducecatoupling, using representative partio®delandsensitivity of the different

numerical parametersvere investigateg Results pertaining to sediment transport in different flow



regimes and channedughness were compared to empirical formulas and published work that use
reduced couplingMoreover, insightsnto thebehavior of channel friction fact@ndthe role of
turbulent structures on particle motion were gaiedight of these studies modfication of the
reduced coupling was proposed and tested. rfEvesed partial coupling showed improved

predictions in different applications over the base reduced/partial coupling.

The softsphere impact model is typically used with DEM to resolve colisi Resolving the
contact mechanics in the tangential direction requires storing deformation information of each
contact. Different forms of tangential impact treatment in the literature were found to perform
differently for different particldevel expeiments where the performance varied from being the
same as the rigid body theory limit to totally erratic behavior. The reason of the unexpected
deviation is discussed along with the proper implementation. Two different alternative treatments
are suggestefbr use without the need to store contact information. The suggested methods are
tested in particldevel experiments and found to provide good to reasonable agreement with

experiments.

Lastly, a time driven advancement technique is proposed for uséavidhsphere impact model

for dense particle flow systems. The advancement technique along with the accompanying
parallelization method are presented and tested. A phyagmd impact model in which the
coefficient of restitution is a function of the madééproperties and impact velocity is implemented

and used in the current workhe current model and time integration technique were used in studying
bubbling fluidized beds and the dispersion of particles in a ribbed channel and allowed for using

reasonhly large time steps which are not achievable with the soft sphere model.

Main contributions of the current work can be summarized as follows:

1 Development and validation of a reduced order history force mblelcalculation of the
history force typicallyrequires storing and using relative velocity information during the
life time of the particle. For a large number of particles integra¢ed long timeshistory
force calculation can become prohibitively expensive. The current work presents a new
modelng approach to calculate the history force in which a decay function is applied to a
stored cumulative value of the history foré&e model shows very good agreement with

the experiments of settling spheres and reasonable/good agreement with oscilldting a



bouncing sphere experiments. The proposed model significantly reduces the computational
resources required to calculate the history force especially when large number of particles
need to be integrated over long times.

Investigation of the effect of usj reduced/partial coupling on the simulations of the
sediment transport in open turbulent channel fldw this work, a fullycoupled
Computational Fluid Dynamics (CFD) model and Discrete Element Method (DEM) are
used to simulate a unidirectional turbulesperrchannel flow over the full range of
sediment transport regimes. The fluid and particles are computed on separate grids using a
dualgrid formulation to maintain consistency and avoid instabidisyies.The results of
coupling the dispersed phase domultiphase flow solver that uses volumeraged
NavierStokes equations are compared to those obtained from coupling through drag to a
singlephasdlow solver.The simulation results of sediment transport from both coupling
techniques show good agreemhwith empirical formulas in the bedload regitma,under

predict sediment transport in the suspended load regime. In the suspended load regime,
usingpartial coupling, the rate of sediment transport was found to be tprddicted as
compared to fulcoupling.A sensitivity analysisvas conducted and showbat the under
predicted sediment transport in the suspended load regime can be bridged by moderately
decreasing the friction factor of the particles from 0.6 to 0.25. The impact of the same
changem bedload regime is not as significant. Both the coefficient of restitution and the
particle stiffnessshowless significant to negligible impact as compared to the friction
factor. Investigating the outcome of the difference between the full couplintharithse

partial coupling motivated the development of a revised partial coupling. In the proposed
revised particle coupling a modified fluid velocity is used in point force models to
compensate for the omission of the void fraction in the fluid goveraquations. The
effectiveness of this method is demonstrated in a fluidized bed and in sediment transport
simulations. In both cases it is shown that the use of the proposed method gives very good
comparisons with the fullgoupled simulations while redung the fluid calculation time

by factors ranging from 1.35 to 4.35 depending on the flow conditions.

Development of alternative tangential treatment for-sphere collision modelsthe

contact mechanics in the normal and tangential directions is modelled by a spring, damper

and dashpot system. The current work evaluates existing modelling strategies in the

4



tangential direction. Existing models require storing the cumulative taagjgdeformation

during the course of the collision for each collision pair. The paper evaluates two existing
tangential models (A and B) from the literature and develops alternative methods which do
not require storing the tangential deformation (C and THe models are tested for two
canonical single particle experiments of oblique impacts on a surface and sliding particle
on a surface. It is shown that neither of the two models A nor B validate with both the test
cases. However, limiting the tangentiabfarmation in model A validates both
experimentsin Model C,the tangential idplacements approximated as the product of

the characteristic timef collision with the instantaneougarticle tangential velocityin

Model D, the instantaneous ratio of the tangential to normal impulse is used to characterize
the impact according to Maw et | [2p analsis. It is shown that both models give
reasonably good predictions in the two test cases with theygogfitedictions as good or

better than Models A and B which require the storage of the tangential deformation.

Comparisonof physics based hagpbhere model with the soft sphere mod€he
application of a three dimensional physizsed hargphere impacmodel to many
particle systems is presented. The hard sphere model is used with conventional time
advancement which is not event driven. A particle relocation technique based on using both
pre and postollision velocities is developed and validated.s®ldeveloped is a
parallelization scheme which overcomes the inherent sequential nature of processing
collisions with the hard sphere model. The relocation technique is tested in-a one
dimensional stack of particles and in the thd@aensional settling of bed of particles.

The technique demonstrates its ability to prevent excessive overlaps and maintaining stable
stacks of particles at coefficients of restitutions ranging from 0.0 to U8 model is
validated in a bubbling fluidized bed and showsdiszernable differences with the soft
sphere model but at a computational cost about 23 times less than that of the soft sphere
model. Themodel is used to investigate particle agglomeration in a turbulent ribbed duct
flow using LES for particles of sizerim and 20ym. It was found that the 2@ particles

were more prone to agglomerate in regions of low velocity at the upstream and downstream
corners of the rilwall junction. The hard sphere model enabled time steps an order of
magnitude larger than thpgrmissible for the soft spheredelwhich resulted in speedups

of up to20 times.



The structure of the thessas follows, Chapter 2 presents the blind predictions of ehouse

code GenIDLEST (Generalized Incompressible Direct Large Eddy Simufatidurbulence) to

the small scale challenge problem (SSEL&et by NETL (National Energy and Technology Lab.)

of the DOE (Department of Energy}o provide additional validation for the CHDEM
implementation. The development and validation of a redwcddr history force model is
presented in Chapt& The application of fully coupled CFDEM simulations to the sediment
transport in a unidirectional open turbulent channel is presented in Chapthrcomparisons to
empirical formulas and concludingmarks on the entrainment of particl&@e sensitivity of
different numerical parameters on the prediction of sediment transport is provided in Chapter 5.
The outcomes of the revised partial coupling in different application and flow regimes is the topic
of Chapter 6. Chapter 7 presents alternative tangential impact treatment-&phsot collision

modd. The application of a physics based hard sphere impact model to dense particulate flow
systems and the introduction of a new time advancement techpigine had sphere model is

presented in Bapter 8. Finallysummary and concluding remarks are provime@hapte.

Validation and evaluation of the implementation of coarse graining method tiseng
representative particle model along with methods suggested to improve the accuthey of
representativegrticle model pedictions are provided ingpendices A and B.
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2.1ADbstract

The Discrete Element Method (DEM) coupled to Computational Fluid Dynamics (CFD) is used
to predict dense fluigharticle systemn a blind study using the imouse code GenIDLEST
(Generalized Incompressible Direct and Large Eddy Simulation of Turbul@reegxperimental
measurements were performed at t he Depart me!
Technology Laboratory (NETL)#hree different superficial velocities in a 0.078023nx1.22m
bubbling fluidized bed with 3.26 mm Nylon beads. Experimental measurements include the mean
and rms of pressure drop between specific locations, the first four moments of solid velocity
compnents, and time series of pressure drop at selected locations in the bed. The predictions
capture the trends in the change in bed hydrodynamics with an increase in the superficial velocity.
While good qualitative agreement is found with experiments, qaawe agreement is fair.

Factors that might cause deviations in predictions are discussed.

2.2Introduction

Simulating the physics of fluidized beds is challenged by the complex interaction between fluid

and solid phases. Two numerical approaches commaely in simulating dense partideen

flows are the twefluid model (TFM) and the discrete element method coupled to computational

fluid dynamics (DEMCFD) method. In the TFM both the carrier and disperse phases are treated

as two interpenetratingont i nuous phases while NewtCebds s e
approach to sgk the motion of individual particles. Though DEM simulations are more accurate

and have the ability to numerically account for several reabsti@viorin particulate sygms|[3-

5], TFM is less expensive and can be reasonably applied toindhrstrial scale problems.

Several techniques were tried to experimentally validate numerical models applied to particulate
flow systems in laboratory and industrial scale fluidized beds. These techniques include single
point measurement of pressure fluatian, 2D particle image velocimetry (PIV),-ray

tomography and Magnetic resonance (N¥rD].

The ideal of developing a fluidization modelling challenge problem was first proposed in
Fluidization VII in 1992. The first challenge problem conducted by Particulate Solid Research Inc.
(PSRI) consisted of two industrial scale circulating fluidized bed (CFB) units (riser diameters of
0.2 m and 0.4 m) with two different materials and at dgifié operation conditions. Results from

ten groups responding to the first challenge problem were presented at Fluidization VIII in 1995

9



and only three were reported successful. It was concluded t AModel s were not

enoughtobeusedtopre¢t all the hydrodynami[tOsll]li n a <circ

The second challenge problem was issued by PSRI in 2001 for the same industrial unit and the
same type of materials but with change in the entrance region. Thirteererdiffesults from

different groups were presented at Fluidization X in Beijing, CHiBa Modelling results poorly

captured radial profiles for the solids flux and particle velocity with percentage error ranging from

77 to 334%. It was concluded that; AModel s st
predict CFB M@ 82l odynamicso

Later i n 2010, the third challenge problem w:;:
( DOEOGSs) Nati onal Energy Technology VLaborator
challenge problermompisedtwosy st ems, NETLG6s CFB riser (16m |
and PSRI6s bubbling fluidized bed BFB (9m | ol
testing of alll model s the experimental data w

to ture their models and to submit refinedres[l®. Fi ve groups responded
whereas only three participated iohallsimutatoh at i ng
results were presented at the Circulating Fluidized Bed X Conference held in Sun River Valley,
Oregon, USA in May 20]14]. Sane reasonable results for simulating challenging problem llI

were published/psented13, 15]

In May 2013 NETL collaborated with a scientific advisory committee released a small scale
challenge problem based on experimental measents in a 0.076mx0.23mx1.22m rectangular
bubbling fluidized bed16]. The purpose of SSCHs to improve the reliability of computational
modeling of multiphase flows by validating with accurate and well defined experimental data. In
this paper, our blind CHDEM predictions using the thouse code GenIDLEST (Generalized
Incompressible Direct and akge Eddy Simulation of Turbulencgl7] are compared to

experimental measurements of the SS@Ridized bed at thredifferent superficial velocities.

2.3Experiment (problem Setup)

2.3.1 Facility description
A schematic drawing of the experimental bed along with measurement locations is shown in Fig.

2.1. The rectangular bed is equipped with a number of pressure transducers at both sides of the bed

10



at three different elevations. The pressure transducers are used to measure statistics of axial

pressure gradients for various flow conditions

Rectangular FB
0.076mx0.23mx 122 m

High Speed PIV Window
Pressure Port 0.0457%0.0457x0.003 m3

0.3048 m

Distributor plate GasFlow

Figure 2.1. SSCRI test unit and measurement locations.

The first pressure port is located at 0.0413 m above the distributer while a second pressure port is
located at 0.3048 m above the first one. A third pressure port is located @3 @nOéelow the
distributer (not shown). No lid was utilized at the top of the bed so that exit pressure can be
assumed atmospheric. A low frequency (1 Hz) transducer was used to measure the mean pressure
drop across two heights and a high speed pressansducer (10akHz) was used for rms and

time series measurements.

High speed R [8] is utilized for obtaining individual particle velocity data at a sampling rate of

1 to 1.5 kH. Five measurement windows (0.0457 m x0.0457 m) are distributed along the width
of the bed. The height of the center of high speed measurement window is 0.0762 m above the
distributor plate (Fig2.1). The measurement technique involves tracking indivigaaticles in

the field of view whose centroids are less than 3mm from the wall. The velocity of all particles
that reside in a particular window at every time step is aggregated to obtain the particle velocity
distribution for that window. The measureata includes the first four moments of the horizontal

and vertical velocity distribution in the measurement window at all the flow conditions.

11



2.3.2 Operation conditions

The granular material used in the experiment were Nylon beads of uniform size asph@agbity
(0.93:0.95). The particles are 3.256 mm in diameter with density of 1132 kG/etdart group D
particles). Three different flow conditions are provided for superficial velocities 2.19 m/s, 3.28
m/s and 4.38 m/s. The bed is filled with a solight of 1.9 kg in each case and the minimum
fluidization velocity is estimated to be 1.05 m/s. The flow conditions correspond to 2, 3 and 4

times the minimum fluidization velocity.

2.4Numerical Technique
The inhouse code flow solver GenIDLEST was coupléith\an implementation of DEM to solve
for individual particle motion for simulating particulate flows. Serial and parallel DEM

implementation was validated in preuswork[18, 19]

2.4.1 Governing equations

The EulerianLagrangian framework involves solving the volume averaged N&®twkes
equations derived by Anderson and JacK&t for the carrier phase. Model B of Gidaspow is
adapted in which the pressure drop is accounted for only by the fluid. The continuous phase is

governed by:

" w6 = (2.1)

_” @ §
Tﬁ 8 -" G B me-f "R ! (2.2)
where-f hamhfand® are the volume fraction, density, fluid interstitial velocity, pressure,

viscous shear stress and drag foqer unit volume respectively. The drag force represents the
particle fluid nteraction and is defined as:

W
- p -

B) I ® ® (2.3)

wherg o andd are the momentum exchangeaefticient, the particle volumend the prticle
velocity, respectivelyNp represents the number of particles in each computational cell. A
combination of Ergun and Wen & Yu drag correlation with a blending function to avoid

discontinuity is used for the momentum exchange coefit[21].
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whereWis the blending function given by:

OAlpuvr ™

® s T (2.7)
5 CTp8t MUY F TYh YQ pnnmn 2.8)
mMmh YQ pnnm '
where Reynolds numb&g, is defined as;
TQ e b
Y Q ‘ (2.9)

in the above equatiorty represents the particle diamet€p, is the drag coefficient solid phase,

andmg denotes the fluid viscosity.

Themotion of each particle is governed by Newton's law;

a G55 @ 2 O O (2.10)
Qb
v, —_— "W" 211
O’QO R ( )
wheremy, lp and up, are the particlebds mass, mass mom

respectively.Fpcolision, @nd Tp,collision Stand for the force and torque resulting from the particle
collisions with walls or with each other. Soft or hard sphere models are cdynnsed to model
particleparticle interactions in DEM simulations. The soft sphere approach is used to account for
multiple interactions occurring at the same time which are predominant in dense fluidized beds.
The contact force in the soft sphere mogefiécomposed into a normal force component and a
tangential force component. Normal and tangential force component are modelled using spring
dashpotslider system. Details of the soft sphere model @fobnd in[22, 23]
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2.4.2 Algorithm overview

A semtimplicit fractional step method is used to solve the flow field on astaggered finite
volume grid. The flow field is advanced in time using calculated void fractions and drag forces
from the previous time step. A detailed description of the mgalealgorithm coupling the fluid

and solid equations is described 18].

An explicit Euler method is used to advance the particles in time. The continuous and disperse
phases are coupled via the drag force and void fractions. The vdiidrisaare calculated based

on particle locations. In this step the volume of all particles whose centroids are located in a given
cell is distributed using weighting factors to the cell vertices. The collective solid volume at the
cell vertices is thenidided by the volume of the cell averaged to calculate the solid and void
fraction in the cell. The drag force acting on each particle is calculated using the calculated void
fraction and celcentered fluid velocity. The cumulative drag force in a givenputational fluid

cell is the sum of the drag force on all particles residing in that cell. The same procedure used for
calculating the void fraction at the fluid cell center is used for calculating the integrated drag force

acting on the fluid cell.

2.4.3 Simulation parameters

Typically in gas fluidized beds in the bubbling regime, the interstitial gas flow is assumed laminar.
In this paper, however, not only is the Reynolds number based on the hydraulic diameter of the
bed without accounting for the partisles well into the turbulent region for an equivalent channel
flow (Rep~16,700 for lowest superficial velocity), but also the calculated Archimedes number
using the given particle and gas properties (Ar~1.8yih@icates that the presence of the particles

will result in near fully turbulent flow at the onset of fluidization (critical Ar ~ 1.8%1®4]. This,
however, is not the same as the turbulent fluidization regime which lies between bubbling and fast
fluidization regimes[25]. In light of this, to account for subgrid turbulence, the Dynamic
Smagorinsky modelas used26]. The time step was selected to be about 15 times the critical
collision time as proposed K¥3]. The top and bottom boundaries were assumed as permeable
walls allowing for a uniform gas flow l@city equal to the superficial velocity. A permeable wall

was used at the top to prevent particles from being ejected from the bed during initial transients.
Alternative boundary conditions (e.g. outflow) can be used at the top wall; the top boundary

condtion is assumed far enough to not affect the bed hydrodynamics.-@dipnboundary
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condition was used for fluid velocities at the side walls. Simulation parameters are summarized in

table2.1.

" assumed to be the same in the normal and tangential directions

Table 2.1. Numerical parameter used in the simulation.

Parameter value
Particles

Sphericity 1

Number 92948
Diameter 3.256 mm
Density 1131 kg/nd
Coefficient of stiffness 800 kN/n¥
Coefficient of restitution 0.84
Coefficient of friction 0.35

Fluid (air)

Viscosity 1.8x 10° Pa.s
Density 1.205 kg/m
Computation

Domgin dimensionfLyxLyxL ) 0.23mx1.22m=0.048
Cell in x-direction 40

Cell in y-direction 100

Cell in zdirection 6

Time step 2 x 10°

2.5Resultsand Discussions

The simulations were run for a total time betweernl%3s.To eliminate the effect of initial

transients the first-8 seconds of the simulation were not included in the analysis. The successive

10 seconds of simulation where sampled at 50Hz sampling rate and submitted for comparison with

temporal measurements jfessure drop across the first two pressure ports and velocity data at

each PIV window. To reduce the time of the calculations, the domain was decomposed into two

blocks in the xdirection to ensure load balance in each block. The BlueRidge supercomputer

pr ovi ded

by Virginia

Techo6s

Advanced

Research

BlueRidge is a 31-8iode Linux cluster with each node outfitted witvo Intel(R) Xeon(R) CPU
E52670 CPUs @ 2.60GHz and 64 gigabytes of memory for a total of 5,0&88auwt0.4 TB of

memory systemwide. It took about 47 minutes of wall clock time to run 1 second of simulation

(lesser for higher superficial velocity).
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2.5.1 Pressure results

At fluidization the total pressure drop across the bed should be able to supporigthteoivthe

particles inside the bed. The pressure drop across the bed was found to be 1.096 kPa, 1.155 kPa
and 1.108 kPa for a superficial velocity of 2.19 m/s, 3.28 m/s and 4.38 m/s respectively which are
slightly above the pressure due to the solidghief{1.081 kPa). The slight difference is because

of the pressure drop in the riser itself which increases with the increase in the fluid velocity.
Pressure probes where inserted in computational cells located two cells away from the wall at the
same levelas the experimental pressure transducers. Comparisons between measurement and
simulation of time series results of pressure drop between the first two ports (0.0413 to 0.3461

above the distributor) are presented in Figg(&c).

a)Case1; U=2.19m/s b) Case 2; U=3.28 m/s
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Figure 2.2. Comparison between measured and simulated time series of pressure drop between
first and second pressure ports above the distributor a) U=2.19 m/s, b) U=3.28 m/s, U=4.38 m/s.
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The main and secondary abscissa displays the actual measurement time and the simulation time
respectively. As compared to measurements it can be seen that all simulations show higher
pressure fluctuations. The simulated pressure time series was averalgiintithe mean pressure

for each case. Differences in mean and rms values of pressure are presented in bar charts in Figs.
2.3.a and2.3.b. The calculated mean pressure drop from transient data in the specified level are
0.832, 0.825 and 0.768 kPa foipstficial velocities of 2.19, 3.28 and 4.38 m/s respectively. The
corresponding measured values are 0.69, 0.65 and 0.5 kPa for cases 1, 2, and 3, respectively. This
accounts for differences of about 21 %, 27 % and 54% with increasing superficial valbeity.
corresponding measured rms values are 0.18, 0.32, 0.23 kPa compared to calculated values of
0.365, 0.471 and 0.357 kPa for case 1, 2 and 3 respectively. Case 1 shows the largest difference in
pressure rms values among the three simulations (just dfiffé). At intermediate velocity
(U=3.28 m/s) the difference is about 47% and 55% difference was found in the higher superficial
velocity condition (U=4.38 m/s).

msimulation b) RMS Pressure Drop

a) Mean Pressure Drop m Simulation
W measurement 0.5
09 60 = Me
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Figure 2.3. Comparison between measured and simulatedfolatg mean and b) rms pressure
drop 0.0413 to 0.3461 above the distributor.

The pressure drop between the second port and the exit pressure (atmospheric) was too small for
the instrumentation to measure for the first two cases (2.19 m/s and 3.2®enfe sl velocity).

For the third case (U=4.38 m/s) measurements of mean pressure drop indicated 0.07 kPa with an
error band of about 0.05 kPa (70%). The predicted mean pressure drop was about 0.131 kPa which

is very close to the uncertainty limit in megeasurements.

Neglecting the pressure drop due to fluid friction at the walls of the channel; the pressure drop

between two levels in a gas fluidized bed is due to the weight of solids. Thus, the mean pressure
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drop will tend to decrease between vertical sections as the bubbling activity increase between the
two sections. While the absolute values of pressure difference i8.5{g) are different between
simulation and experiment, both follow the same trendeafeasing pressure drop with increase

in fluidization velocity. Figur@.4 shows the mean results for void fraction of the bed for the three
cases. It can be seen that as the superficial velocity increases (from left to right) the bed height
increases. lalso can be seen that fluid void fractions are lower in the bed centre resulting from
bubble formation and coalescence. The higher void fraction justifies the reduction in mean
pressure drop between measurement locations. The low void fraction nealish@®we colour)

is a consequence of particles clustering and falling down at the sides of the bed.

Case 1 Case 2 Case 3

Figure 2.4. Simulation results of average void fraction across thefduetthe three cases.
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Same as with the mean pressure drop, both the measurement and simulation show the same trend
for the rms pressure drop also. As the superficial velocity increases to the intermediate velocity
the rms value peaks and then drops witarther increase in superficial velocity. Fluctuations in
pressure drop in fluidized bed are caused by formation of bubbles an{Rligehe drop in rms

values of pressure might indicate a beginning of transition to theléunt fluidization flow regime

which is characterized by the breag of large bubbles into smaller more frequent bubble
formation. Several transition criteria based on different measurement techniques including
pressure fluctuation and total bed expansitave been utilizefR5] in the literature. The
beginning of the transition to turbulent fluidization is marked as the gas velocity at which the
standard deviation of pressure fluctuation reaches a maximum whleeeasd of transition is

denoted by levelling of the standard deviation of the pressure fluctuf2ins

Figure 2.5 shows instantaneous snapshots of some existing flow structures for the three cases
spaced 0.1 s agarAt superficial velocity of 2.19 m/s bubbles are formed above the distributor
plate and grow in size as a result of bubble coalescence and finally a dome can be seen as the
bubble erupts at the bed surface. At higher superficial velocity (U=3.28 m/$ethdeight
increases with more heterogeneous mixing can be observed. More aggressive bubbles and slugs
are formed above the distributor with stronger mixing characteristics. Interaction of the formed
larger bubbles produces a frequent splashing of largbles at the bed surface followed by drop

in bed height. With further increase in the superficial velocity (U=4.38 m/s) more bubbles are

formed above the distributor with more heterogeneous mixing.
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2.5.2 Velocity results

Mean, rms, skewness and kurtosis of vertical and horizontal velocity are measured at the locations
shown in Figure2.1. Because the measurements use a local averaging window n#&thaool
calculate the frame averaged velocity for each measurement window, we tried to emulate the same
procedure is used for the simulations. At each time step, the frame averaged particle velocity is
calculated. The fluctuating velocity component of eadtigla is calculated by subtracting the

frame averaged valdeom the instantaneous particle velocity. This is used to calculate the high
order moments instantaneously which are then time averaged. The mean velocity is also obtained
by time-averaging thenstantaneous frame averaged value. In the simulations, the depth of the
domain is three times the particle diameter which corresponds to the depth of the fluid cell inside
the wall, whereas the experiments only consider a depth of one particle diametsimutation

results are averaged over 10 seconds. Comparisons between measured and simulated averaged

vertical velocity across the width of the bed wall are presented inF&g&cC).

a) Case 1: U=2.19 m/s —+=Measurment b) Case 2: U=3.28 m/s —— Measurement
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Figure 2.6. Comparison betweeneasurement and simulation of averaged vertical velocit
measurement location across width of the bed.

Averaged measurement and simulation results are assumed to be in the centre of each PIV

measurement window. Error bars represent the 95% Confidence Index of measurement. As can be
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seen from these figures, the velocity profiles from both measurement amdtgm indicate an
upward velocity in the centre of the bed and a negative (downward) velocity near the side walls.
As the superficial velocity increases, there is less patrticle clustering at the side walls in the region
above the distributor (blue regi®m Fig.2.4) and the falling solids velocity increases as indicated

in Fig. 2.6 (ac). While both simulation and experiment show an increase in peak velocity as the
superficial velocity increases, the rate of increase between Case 2 and 3 is muchirsiiegle

experiments.

Although good agreement is achieved along the bed width for the intermediate velocity (U=3.28
m/s) the peak velocity is owg@redicted in the bed centre for the other two cases. One factor that
might affect the simulation results near walls is that theptational grid near the wall is quite
coarse at three times the particle diameter. It is certain that the fluid boundary layer is not resolved
by this grid which could lead to higher fluid velocities and lead to higher particle velocities also.
The discrpancy near walls has been observed in other numerical investigations s ©&]l

Figures2.7(a-c) show the distribution of the horizontal velocity in the bed at the measurement
windows. While Case 1 and 2 show the correct trends between experiments and simulations (in
spite of large quantitative differences), Case C shows the opposite tremite the simulation
indicates particle movement from the sides to the centre of the bed, the experiments indicate the
reverse flow from the centre to the sides. To explain these differences furth@8Kigows the

solid velocity vectors plotted in thecimity of the wall with the vertical extent of the measurement

window (horizontal lines).

It can be seen from Fig.8 that, in all cases, the solid circulation pattern is the same; particles are
pushed upward and outward at the centre of the bed amags®linto the bed along the side walls
moving downward under the influence of gravity till they reach near the bottom of the bed when
they are entrained back to the centre of the bed in a circulating pattern. The location of the
measurement windows indieatthat at that vertical distance the simulated flow is always inward,
while if the windows were placed higher in the bed, the flow would be outward as seen in the
experiments. It can also be seen that as the fluidization velocity increases the cantatiecirc
region moves closer to the distributor plate.
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a) Case 1: U=2.19m/s b) Case 2: U=3.28 m/s
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Figure 2.7. Comparison between measurement and simulation of averaged horizontal velocity at
PIV windows.
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Figure 2.8. Mean solids velocity vectors for the first 60 cm of the bed. Horizontal lines show
vertical extent of measurement window.

It can be deduced from the measurements, that a weak inward flow does exist for Case 1, which
gets weakerffor Case 2, and switches to outward flow for Case 3. This implies that as the
fluidization velocity increases, either the recirculating pattern ceases to exist or it moves down
near to the baseplate below the measurement window location. Indeed tkisnisnsthe
experimen{28]. The rms values of the vertical velocity component are shown in Eg$ac).

The predictions capture the trend but uAgdiedict the values. On the other hand, the rms values

for the horizontal velocity component in Figs10 (ac) are oveipredicted by the simulations.
Physically, the rms velocities are fluctuations about the mean and can be correlated to the collision

frequency between particles. Particles moving in a cluster without collisions will exhibit low rms
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fluctuaions whereas colliding particles with random velocity distributions will tend to have higher
rms values. Based on this reasoning the simulations results imply less or weaker collisions in the
vertical direction and stronger or more collisions in the lootizl direction than the experiments.
Among the three cases higher deviations can be noticed at the lower velocity (2.19 m/s).

a) Case 1: U=2.19 m/s e b) Case 2: U=3.28 m/s ~weeem ¢) Case 3:U=4.38 m/s ——Measurer
035 - 04 - Simulation 06 - Simulatior
03 Simulati - 035 T i s -

3 0 g 025 o ] _

< < . 02 - z 03 -

g 015 - 2 ’ £l

3 3 0.15 1 E y
u 01 - 3
005 | 005 01 -

01 005 0 005 01 005 0 005 a1 005 0 005
Width m) Width (m) Width (m)

Figure 2.9. Comparison between measurement and simulation of vertical velocity rms at PIV

windows.
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Figure 2.10. Comparison between measurement and simulation of horizontal velocity rms at
PIV window.

Skewness is a measureadymmetryabout the mean valughereaghe fourth central moment
(kurtosisor flatness) is a measure of extent of sharpness about the mean value. In all cases,
predictions are in better agreement with experiments at the centre of the bed whereas the
discrepancies increase near the side walls. Interestingly, both simulated skendeflatness
(Figs.2.11-2.14) exhibit values close to 0 and 3 which imply a Gaussian distribution, whereas the

experimental values show considerable deviation from these values as the walls are approached.
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Figure 2.11. Comparison between measurement and simulation vertical velocity skewness at
PIV windows.
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Figure 2.13. Comparison between measurement and simulation; kurtosis of vertical velocity at
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Figure 2.14. Comparison between measurement and simulation; kurtosis of horizontal velocity
at PIV windows.
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Beside the inability of the simulations to predict these higher moments, which are difficult to
predict even in single phase turbulent flows with seemnér rumerics, some other contributing
factors to the discrepancies could be caused by theuméormity of the base flow in the
experiments and the fact that the simulation results extend three particle diameters into the bed
from the wall while the experimeattfield of view only extends one particle diameter. Thus the

simulation results could be skewed toward a Gaussian distribution more than the experiments.

2.6Conclusions

In this paper, blind DEMCFD predictions using the-inouse code GenIDLEST are compated
experimental measurements of a small scale challenge problem set by NETL for validating
multiphase flow codes. The experiment comprises a bubbling fluidized bed with Geldart group D
particles at three superficial velocities. Comparisons of mean andfraedocity and pressure

along with third and fourttorder moments of velocity components are presented. In spite of
guantitative differences between the measured and simulated values of mean and rms pressure,
there is agreement in the changing trendfluadization velocity increases. The mean vertical
velocities are represented reasonably well by the simulations, whereas the simulated trends in the
horizontal velocity are different than experiments. The rms velocities are predicted with reasonable
accurcy. The simulated skewness and flatness indicate a close to Gaussian distribution for the
vertical and horizontal velocities. This agrees reasonably well with the experiments at the center
of the bed, but larger differences exist at the side walls. Wdpgepriate, the possible reasons

for the discrepancies are discussed.

CFD-DEM clearly falls into the realm of complex mufthysics simulations, with drag models,
methods used to transfer fldid-particle and particko-fluid quantities, size of fluidrad particle

grid [18] influencing the prediction accuracy. This is further complicated by the stochastic nature
of the calculations where there is no linear path between cause and effect. Considering all these
challenges, GenIDLEST performedasonably well with good qualitative agreement but fair

guantitative agreement with experiments.
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2. 7Nomenclatures

dr acgefficient €)

particle diameter (m)

coefficient of restitution-}

force per computational cell volume (Nfim
forceon particle (N)

acceleration of gravity (m/s)

particle moment of inertia (kg n

mass of particle (kg)

number of particles in computational ce)l (
pressure (N/rf)

Reynolds number)

time (s)

torgue on particle (N.m)

fluid velocity (m/s)

particle velocity (m/s)

particle volume (r#)

smoothing factor-{

Greek letters

b

momentum exchange coefficient (kg#s)
computational cell void fraction )Y
density (kg/m)

viscous shear tensor (Pa.s)

rotationalvelocity (s?)
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3.1ADbstract
The history force model accounts for temporal development in fluid gradients in the viscous
region surrounding a particle in point particle methods. The calculation of the history force
typically requires storing and using relative velocity informationrdythe life time of the particle.
For a large number of particles integrated over large times, history force calculation can become
prohibitively expensive. The current work presents a new modeling approach to calculate the
history force in which a decdynction is applied to a stored cumulative value of the history force.
The proposed formulation is equivalent to applying the same function obtained from a constant
acceleration assumption to a running average of the acceleration within the memoryttime of
particle. The new force model is validated with experimental measurements of settling spheres at
Reynolds numbers ranging from around one to a few hundreds and at density ratios from 1.2 to
about 9.32. More validation work was carredlt with experinental measurements of oscillating
spheres at different frequencies and amplitudes, as well as bouncing spheres at different Reynolds
numbers and density ratios. The model shows very good agreement with the experiments of
settling spheres and reasonableffjagreement with oscillating and bouncing sphere experiments.
The proposed model significantly reduces the computational resources required to calculate the

history force especially when large number of particles need to be integrated over long times.

3.2Intr oduction
Point force models are widely used in simulating natural and industrial particulate flow systems
because they allow for simulating relatively large number of particles for long times. In this
approach, the fluigharticle interaction force is accoted by a linear combination of different force
models. Among the different force models, history force is considered as the most computationally
expensive as it typically requires storing and using relative velocity information during the life
time of theparticle. The calculation of the history force using this approach, however, requires
significant computing resources. For example, it would require 1.2GB of memory to store a single
precision value of relative velocity in three dimensions to simulat®@O0@articles for 1000 time
steps[29]. Moreover, the inclusion of the history force may render the entire computation

impractical when large number of particles are simulggég

In part, the work on development of history force models was motivated by the need to efficiently

model sediment transpdB0-33]. In one mode of sediment transport, sediment particles move by
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jumping along the channel bottom wall (bed of particles) or by taking projectile trajectories

(saltating). Thus, researchers have extensively focused on simulating the motion of saltating
partides to develop sediment transport formulas or to improve existing models of sediment
transpor{34-37].

Though some researchers completely neglect the history force in their numerical modeling of solid
particles in sediment traport simulations (e.g[38-41]), numerical and empirical evidence
suggests that the history force plays an important role in the transport of relatively small sediment
paticles moving near the bed. Comparing laboratory observations with numerical results provides
evidence that while the history force is negligible for gravels moving as bedload; it becomes
extremely important for sarf{@2, 33] The history foce was found to be significant to correctly
describe the particle trajectory for a high Reynolds number of fB10Q12] and appreciable for
Reynolds numbers smaller than or of the order of one for large density[48jdshe length and

height of a single pade jump can be undgredicted by about 40% and 15%, respectively when
the history force is neglected in the case of $a@pand the cumulative effect of such differences

for multiple junps can lead to very large errors in predictions of sediment trarj3fprt

Many researchers have acknowledged the fact thatiregithe computational cost associated with

the history force would be beneficial and have worked towards developing less computationally
intensive methods for modeling the history/Basset force. Michaglldéased Laplace transform

to recast the linear equations of particle motion in a simplified creeping flow velocity field. He
reported 611 times faster simulations with no need to store the velocitythethew method. His

procedure, however, does not apply to4inaar equations or in random velocity fiel@, 31]

Gonzalez et a[30, 31]were the first to use a series expansion of the-denvative formula for

the history force in creeping flow as proposed by Tajéhj. They also introduc
ti me periodo during which the historyeuwé the
of the semiderivative formulation was found to reduce the computational cost by 20% compared

to conventional techniques, and a time reduction of-B0% of the original simulation time was

realized when the concept of memory time period was empl@yéd

The justification for the use of memory time lies in the fact that patieaviourat earlier times

have a smaller conbtion to the history force integr§B4] at the current time. Mordant and
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Pinton[42] noted that the history force at finite particleyRelds number (as defined in H§.5))

can be well presented by the creeping flow expressiomfuot smtervals and becomes negligible
thereaftef29]. Such findings inspired the development of a window model in which the history
force was integrated over a prescribed finiteetiusing the Basset kerrigB]. The truncation of
integration time can yield more than an order of magnitude savings in CPU time compared to
conventional history force calculatiof29]. The model performed well for settling spheres with
Reynolds numbers ranging from 9 to 853 and density ratios from 1.17 to 9.32. For oscillating
particles the window model pdaced reasonable results only when changes in relative particle
acceleration over the integration window were lim{i@|. To further increase the accuracy of the
window model, VarHinsberg et al[46] proposed the use of an exponential function to represent

the tail rather than truncating it.

Although the use of the window model significantly reduces the computational time and memory
requirements for calculating the history force, depending on Reynolds number and time step used,
the model still requires storing particle information for few hundreddimé steps. Such
requirement is still considerable for simulating natural and industrial processes with number of
particles in order of millions or more. The objective of the current work is to seek a more efficient

computational model in terms of memaggsources and calculation time.

3.3Numerical Method
In Lagrangian approaches, the path of each particle is predicted by the integration of its equation
of motion resulting from the application of N
mass) model, the forces are described as a linear conopinaftiindividual contributions of
different forces. A rigorously derived equation of motion for small particles irundorm flow
derived by Maxey and Rilej47] forms a baseline equation of numi to which other force
contributions are added. Neglecting forces arising fromamoninuum effects, rotating reference
frames, and lifforces the equation of motion of particles interacting with other pladior walls
can be written as

%} §2) §2) i) B2 ) i 2] (3.1

where the forces per unit mass on the riggntdside are due to gravity, drag, added mass,fluid

stress, history, and collision forces, respectiveby. collision forcessoft or hard sphere models

31



are commonly used to model particle interactiomith other particles or with solid boundairy
point forcesimulations.The soft sphere approadh usedn the current work in whicthe contact
force is decomposed into a normailde component and a tangential force component. The normal
and tangential force components are modelled using a spestgpotslider systemDetails about

the soft sphere model can be found22, 23] In what follows, force models for solid spherical

particlesare presentk

3.3.1 Gravity force
Gravity force herein accounts for the weight of the particle (per unit nidee particle) and is

given by

"R’ 3.2

where g is the gravitational acceleration.

3.3.2 Drag force
The drag force accounts for the qusisiady viscoudissipation due to skin friction and form drag
of the particle in uniform flow. The drag force is often a key element in interaction of dense

granular flows. For the current workwill be modeled using the form

® & ®@ & (3.3)
where®® ¢ @ is the fluid velocity at the particle location and the particle velocity respectively.

ri, rp, Co anddp are the fluid density, particle density, the drag coefficient, thedparticle

diameter The drag coefficientdr asphere can be expressed as

CTp8t MUY F TYh YQ pnnmn

mh YQ prumnmn (34)
In whichthe particleReynolds numbeReg, is calculatedas
Qb6 &
YQ ——— (3.5

whererx denotes the fluid kinematic viscosity
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3.3.3 Added mass
Theadded mass effect accounts for the force required to accédeakerat¢hefluid surrounding
the paticle. A general formula derived by Lamb (19488] for an isolated particle in creeping
flow limit (Rep <<1) is given by
. O® b
§2) W 0o 0o (3.6)
Hered is the added mass coefficient which is equal to 0.5 daspherical particleand the
derivativeDu/Dt is the change in fluid velocity following the particle pafieveral studies have
shown that the addedass term predicted by creeping flow and potential flow theasks
remarkablywell for finite-Reynoldsnumber flows over a ide range of relative acceleratsjd9-
52].

3.3.4 Fluid-stressforce
The fluid stress force accounts for the fluid strgsdients acting across the volume occupied by
the particle The fluid-stress force acting on a particle surrounded by a flombines the effects

of pressurgradients and viscous stresof the fluid

§2) B xn  wf (3.7)

where the right hand side (RHS) can be replaced by the acceleftienfluid and gravity force

06 9] xn  Xf (3.8)
Substituting Eq(3.8) in (3.7) we get

Hence, the fluiestress force contains the effect of both the buoyancy force and the unsteady force.

The term—O®FO as referred to as the unsteady force and can be calculated separately from the

buoyancy effect wich can be combined with tlggavity force (Eq(3.2)) in a submerged weight

of the particle. The gravitiorce can be then expressed as

33



" P — | (3.10)

If shear stresses are negligible (e.g. gas fluidized beds) this force ogpréseted by pressure
gradients alone

§2) — N (3.11)

3.3.5 History force
The hstory force model accounts fretemporal evolutiorof the viscous region near the particle
(boundary layeryvhen the particle undergoes unsteady mofidre history force can be thought
to be the unsteady part of the qustgady drag force (described earli@fisi unst eady o f o
model decays with time as the particle reaches an equilibrium condition (e.g., constant velocity).
Basset (1888]53] was the first to formulate the history force for spherical particles in creeping
flow conditions A general form of the history force can be written as
o ® f

0o Tt

2 Q” Qf

(o)} (3.12)

where® ® & isthe relative velocity. For spheres in creeping flowittiegrationkernel,
K, as formulated by Basset is given as
™o t 7

' . - 3.13
0 o 1 T (3.13)

wheretq is the diffusive time cale of the particleefined as

Q
L (3.14)

This force is difficult to evaluate and its value depends on the acceleration history up to the present
time [54]. In the limit of creeping flowBassekernel indicates that the force decaya rate ~/0.

Odar & Hamilton[55] proposed a correction of Basset history force for finite Reynolds number
by using an empirical fitting parameter. The formula of Odar and Hamilton was widely accepted
for many year$56]. Mei and Adrian pointed out that that the formulation of Odar and Hamilton
was not physically or mathematically justifig®7] since theyassumed the decay rate at finite

Reynolds number to be the same asith#tecreeping flow limit
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Mei et al.[50], Mei and Adriar[57] determinedhatthe short time beha&wr is consistent witlthe
Bassekernel decay rate of &2 as per Eq(3.13), whilethe long time decayate is proportional
to t2. Forafinite Reynolds numbers they proposed the follovkagnelformulawith constants;
= 2 andcz = 0.105to matchtheir resolved oscillating flow simulations

o0t L0 7 YQt

t t U OYQY (315)

The above kernel combines both the short time limit of Basset (first term on RHS) and long time
limit (second term on RHS). ¢ttan be seen that for small Reynolds numberg{RBd) the second

term on RHS will be negligible and the decay rate will retrieve the Basset kernel. For time scales
much smaller than the diffusion time scale (sr(tail/}4), the Basset kernel decay rdt@minates
since((t- /}4)? is small. As the relative tim@g-¢ /}qincreasesthe longtime decay rate dominates.

The diffusion time indicates the time during which the gradients diffuse with time during the
unsteady processthe shorter the diffusiotime, the particle reaches equilibrium with the fluid
much fasterand larger the change in the relative velocity gradients between particle and fluid, the
more significant the history forcAs noted by LotH58], the history force is related to the time
scdes for convection and diffusion of momentum away from particles. For finite Reynolds patrticle
numbers, convection effects help the temporal development of velocity gradients in the vicinity of

the particle. The increase in Reynolds number thus impliessasignificant history force.

Based oralargeset ofexperimental data of settling particles Dorgan and [2®h found thatc;

= 2.5 andc2 = 0.2 provide slightly better predions.Laurenceand Mei[59] found that depending
on the type of motion the long time asymptotic behavior of the kernel m&y dfet™* or even
exponential. Similar conclusiomeachedy other investigato$0, 61]suggesthe use of slightly
different values of constants @&nd @, howeverthe form of Equation3.15 is generally accepted
[29].

3.4Mathematical Formulation

The current work deals with developing an efficient history force model that can be used for
industrial and natural systems. The model targets salotj memory resources and the

calculation time and can be used for particles with finite Reynolds numbers. The current model
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assumes that the history force can be calculated by imposing a proper decay rate to the sum of

history force increments. Derivatianf t he i mposed fidecay functi oncg

3.4.1 Conceptof decay function

For simplicity let us first consider the case in which history force can be represented by Basset

formula
T®
D 5 ‘I T ot (3.16)
nmo t
whereCg is a constant defined as ——. The alove formula of Basset force (E(B.16)) at
timet can be expanded 2]
L Y Yo . Yo vo o\
D 0 v E 8 —"" (3.17)
- - 0O O 0O ©o 5 !
u o o o 3

It can be seen that the impact of the change in relative velocity that takes placg"dirtigestep

in the pastY® ) will have less impact on the history force at titneompared to the more
recent changes in velocity® ). As time elapses the significance of initial changes in velocity
will decay at a rate proportional to the square root of time. Considering the motion of a settling
sphere at low Reynolds number as an exangsethe particle starts reaching an equilibrium
condition, the most recent changes in relative velocity will diminish; Bmg3.17) represents a

decaying Basset forcAssuming a conant time step we can rewrite §8.17) as

Yo Yo Yo Yo
AT Y 8 AT, AN (3 18)
NeYo € pYo NcYo nyo

[T

®| 0

For the general case, E(.18) will require¥® to be stored at each time sty assuming

constant acceleratlonos—TQ“ ¢ & iwe can write

B 6 = - @ — (3.19)

Or more generally
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L (3.20)
€

Here,¢, ; is the total number of timsteps Eg (3.20) mathematically represents the Basset force
for a particle moving with constant acceleration. In this limiting case, the history force can be
calculated withou& need to store any tintependent daté function can be fitted to the number

of time steps for the sum between bracke#s)d the expression does not require storagenpf
particle informationFor vaying acceleration, however, E(B.20) uses the current acceleration

(or current change in velocity) without real consideratiotine change in acceleratidhis implies

thatif the particle reaches an equilibrium conditiomw ( nt), the history force will be zero.

The history foce at such condition is howewant zero as can be seen from equati®@ag), since

the particle will feel some force from previous changes in velocity gradiéntbetter

approximation would be to use an averaged acceleration instead of théaimstaisicceleration

such that
Y -(:béb
9 60t P (3.21)
nNyo e 0
where
B ¥8 g4
Y gy (3.22)
rearranging Eq(3.21) we can write
Bio ¢l
o . Eo s ! (3.23)
i U — Yq &
° 3 U Ao
or in the general form
| Qe 8 3V (3.24)
here
Y8 o4
Oy = 3.25
B Yo (3.23)
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is a representation of the change in basseeffocthe current time step (E€.19) for one time

step) and the functiog(n)is defined as

B £
Qi é € (3.26)
Except for the first time step, E@B. 26 ) wi | | be I ess than unity al
functionodo since it enf eunolaige vaue. deeruseai B@.26d e c ay t

allows for a large reduction in the memory requirenaasrnit requires storing only the ndecaying
cumulative history force components (three additional variables per particles in 3D simulation)
without any dependence on the simulation length. The reduction in calculation time will be
discussed in a laterestion. A final general form applicable for finite Reynolds number and

validation of the current model is discussed in the next sections.

3.4.2 Model formulation
An approximation of the decay function for finite Reynolds number (for Mei and Adrian kernel)
is not as straight forward as the Basset keifted. Basset kerneEf. 3.13) implies a decrease in
the memory effects at a rate proportional to the inverse squat of time (). For finite
particleds Reynol ds numbeg(Blk)), supgestshhatihe decagratd d r i a
wi || be proportional to inverse square root o
and proportional to the inverse square of time for times larger than the historfFtgna.1).
Events which took place at tem older than the history time window have a fast decay rate and
can be neglected. The concept of neglecting ¢
memory timeo for finite R6yBasedonthe abaverdiseussioya s f
it is reasonable to assume that the decay functionedein the earlier section (E(B.24)) can be
imposed on the stored cumulative value till the history time is rea¢hechisbry time based on

Mei and Adrian kernd29] is given by

™ 0 ¢ (3.27)
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Figure 3.1. Integration kernel of the history forceditferent Reynolds numbers.

The current modainly accountgor themost recent events thadve takemplace within the history

time. These events have a decay ratéckvis proportional to the inverse of square root of time
(Bassetkernel). Similar to the window modg9], earlier events will have a higher decay rate
(ultimately proportional to the inverse of square of time) and are assumed negligibregsed

to the more recent oneshd calculation of the history force is performed by multiplying the stored
accumulated incremental history force by the decay function as long as the history time is not
reached. When time reaches/exceeds the history timestored cumulative value should be
updated to include the most recent running average. For instance, if the particle Reynolds number
is constant after reaching the history time (terminal condition), the stored cumulative value should
be decreased byweight equivalent to one time step before adding the most recent time step to
the stored cumulative value. Similarly, if the Reynolds number is increasing, the history time will
decrease and the stored cumulative value should be decreased accordirtgly.clrrent
formulation this is done by multiplying the history time for the current step by the history time of
the previous time step for cases with increasing Reynolds numbers. A flow chart of the calculation

procedure is shown in FiguB2 below.

Both the tavel time and history time (Eq3.27)) are first calculated. The travel time here is the

time from the initial time step of interest, to the current time step. The incremental Basset force
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from the curent time step is calculated (E8.25)). If the travel time has not exceeded the history

time (i.e., the history time has not been reached), then the incremental history force from the
current time step is added to the cumulative history force. The cumulative history force here
includes all evets in the calculated travel time. Thus all the time steps in the travel time are
considered in the decay function when applied to the cumulative value. If the history time is
exceeded or reacheti®y), then the cumulative history force is reduced propoal to the ratio
between the new and the previous history time (no reduction takes place if the particle Reynolds
number remains the same). The time steps in the memory time are calculated based on the new
history time. Before adding the current Baseetément to the cumulative value, an equivalent of
onetime step is removed from the cumulative history force. Then the time step from which the

calculation of the history time is of interest is updated.

Calculate; particle Reynolds number
Re,(Eq. 3.5), history time 7, (Eq. 3.27),
and travel time 7, = At(n,,-n,)

Reduce cumulative history force
- current > -
Calculate Af, (Eq. 3.25) Z Afy = 5/5m 1 Z Afs
{ )
%<t 7 Time steps in memory time
No Th
An, = —
T At
)

Time steps in memory time - - - -
A= 1. -n 1-time step reduction of cumulative history force
n tot o

A—» _ﬂ”ﬁ_l A—>
v z fs = Any, z /o

Calculate cumulative history force

A - A - A - current \lf
Z Js = Z Jo + 4/ Update time step from which the history
J, force is calculated
= Ry Any,
Apply decay function -

Fy = g(4n,). (Z Af;)

Figure 3.2. Flow chat of current model.

The last aspect to be addressed here is a general formulation to reduce the cost of calculating of
the new history force model. To avoid the overhead aiuaiing the decay function (E§26) at
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each time step we can fit it to thember of time steps The following piecewise fit function is

found reasonably accurate in representing the decay function

LP8TE 8 h & pm
. p& 8h c¢mnm pm
. . 3.28
¢ o ®w 8 h pmmmAE (MMM (3.283)
i ¢¢ 8h W & pnmnnm
An approximatesingle expression fit of the decay function can be written as
" ¢ p .
Q¢ nf&)cx{x)é—s TBIMPpULUVOP (3.28b)

Figure @.3) show the calculated decay function along with the above fit functions. Thexpgsce

function was used in the current work.

1.2 | - |
1 —
N\ — Decay Function
08 NN Piece-wise Fit Function .
\ ~ = =Single Expression Fit Function
ok S ]
ol \ |
.~
= ~ S
02 [ —— — 7
0 ! ! ‘ e ! T \- ______ e e BT B R
10° 10! 10° 10° 10*

n
Figure 3.3. Decay function vs. proposed fit functions.

3.5 Validation with Experiment

Three differrensetsof simulations are awsidered for validating the proposed history force model
- settling particles, oscillating sphereand bouncingspheres. In the first validation set of

experiments we compare our simulation results with measurements of the motion of a settling

particle released from rest. On each plot, the experimental measurement will be compared to results

from activating drag and gravity (includes buoyancy effects) only, activating added mass along

with drag and gravity forces, and activating the history force from current model along with all

other forces. In the oscillating sphere validation cases, the sphereeid fo move in a prescribed

oscillating mode and the overall force acting on it is measured. The measured overall force on the
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osillating sphere is compared to the sum of the predicted hydrodynamic forces. In the bouncing
sphere validation cases, partglare released from rest and allowed to collide with a solid

boundary (wall). The rebound trajectory when activating different force models is compared to the
experimental data at different Reynolds numbers and density ratios to show the impact of each

force

3.5.1 Settling pheres
In these simulations the particles (spheres) are released from rest under the effect of gravity and
their velocity is monitored and recorded untill they reach their terminal velocity. By doing so it is
possible to collect information related to the unsyepdrt of the motion of settling spheres.
Selected experiments froMoorman[63], Pinton & Mordant[42] and Ten Cate et. #4] are
simulated tacover a range of particle Reynolds nungq&om ~1- 280)and density ratiog~1.2-
9.2). The specifications and main characterisics of selestpdrimentaresummarizedn Table
4.1. The velocity variation in the Figures normalized by the terminal velocity, and time is

normalized ly the diffusion time (as per E(B.14)) as given in Tabla.1.

Figures3.4, 3.5 and3.6 show a comparison of simulations at three different density raios (

=" ¥ )of 3.7, 2.47 and 1.12, respectively. Simulation results are shown in each figure for cases
in which only drag and gravity forces are active, drag, gravity and added mass forces are active,
and when all forces are active (current model). The results eokaange of terminal Reynolds
numbers ranging from nearly 1 to about 280. Fidlire shows comparisons for settling particles

at different density ratios and approximately the same Reynolds number of ~30. Two additional
validation cases from Mordant anéh®n at different Reynolds numbers and density ratios are
presented in Fig3.8. The point at which thénistory time is first reachedan be seen as
discontinuityat small Reynolds number (most obvious in case E1 of3/. This behavior can

be attrbuted to the fact that the history force is truncated when the history time igde&oh
account for truncation of the tail (high decay rate part in Mei and Adrian kernel) once the history
time is reached, the cumulated history force (on which the deaation is applied) is reduced

by two mechanisms. In one mechanism, the cumulative history force is reduced in proportionality
to the ratio of the history time of the current time step to the history time of the pervious time step.
The other reduction tboique is done by reducing the cumulative history force by one step before

adding the most recent one (which is smaller as compared to averaged cumulative value). The
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transition from continuous addition of increments to the cumulative history force tedinetion
of cumulative history force is not smooth and particles which show/undergo quick/fast change in

their acceleration will show more notable discontinuity.

Moor manodos RuB 5#3lan(dFiTgeunr eCat e et 3®)exparsnenESx per i1
show some notable deviation in the region where history time is reached. Both cases have a particle
Stokes number (defined agdViern/(18/m%)) of ~0.12 and 0.1, respectively, which are the lowest
amongst all the simulations. The small Stokes number indicates that the particle will have a fast
response time and hence the constant acceleration assumption might not hold within the memory
time oftheparticle It should be mentioned that the constant acceleration assumption is also used

in deriving the historyime formula (Eq(3.26)) [29] which might also require no largdanges

in acceleration within the window tinfer the history time to be accuratehe model, however,

shows very good comparison as compared to experimental data of settling spheres for most of the
cases. It should be mentioned here that the fit funcfigiquation3.28a) is used in the presented

results. The time steps used were less than 0.01 of the particle time scale.

Table 3.1. Sphere and fluid properties for the selected settling sphere experiments.

Run#  |Reem | dmm)  [ry(kgim®) |ri(kg/m®) | ne(m¥s) | ta(s)
Moorman

10 31.5 111 7782.2 850.4 2.7e-4 0.4553
19 181 15.88 3076.8 834.9 7.2e5 3.502
21 67 9.51 3076.8 834.9 7.2e-5 1.256
22 28 6.37 3076.8 834.9 7.2e5 0.564
27 29 1271 3076.8 1247.2 1.49¢-4 1.087
29 6 6.37 3076.8 1247.2 1.49¢e-4 0.273
30 4.2 6.37 3076.8 1252.4 1.88e-4 0.216
31 0.9 6.37 3076.8 1257.5 4.49e4 0.09
Mordant and Pinton

CASE1 41 0.5 2560 1000 le-6 0.25
CASE4 260 0.8 7710 1000 le6 0.64
Cate et. al.

El 1.5 15 1120 970 3.85e4 0.585
E2 4.1 15 1120 965 2.2e4 1.024
E3 11.6 15 1120 962 1.17e4 1.915
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Figure 3.7. Comparison of experiment with current model at same Reynolds numbers
Reterm~30 and different density ratio.
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Figure 3.8. Comparison of current model with Mordant & Pinton data.

3.5.2 Oscillating sphere
Selected casdésom the experimental work of Odand Hamiltor{55] areconsidered for validation
of the current modelThe experiments arconducted by oscillating a 2.5 inch hollow sphere at
different frequencies and amplitudes. The prescribed motion of the oscillating sphere is given by

Accos(ut), whereA, is the amplitude of the periodic motion ands the rotational speed of the
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oscillation. The apparatus allows for the frequency to be varied from as low as 1.67 rad/s up to
16.4 rad/s with amplitudes of 1, 2, 3 or 4 inches (2.54, 5.08, 7.62 and 10.16 cm). The effective
mass of the moving sphere system was found to be 0.128 guatmsin effective soligo-fluid
density ratio of S=1.07. The work of Odar and Hamilton also provided individual calculated
hydrodynamic force components such as drag, added mass, and history force during the oscillation.
Their formulation of the added nswas incorrect since the added mass coefficient was considered
as a variable. Since these values were used to calculate the history force, as a result their history
force values were in error too. A correction of the analysis of Odar and Hamilton Igyausin
constant added mass coefficient was performed by Micha¢fifigfor a number of experiments.
Hence, in the current work only the measured
compared to the sum of the modeled individual force compsn&he parameters of the selected
experiments are listed in Tal®£. The Reynolds number is based on the maximum velocity of
the oscillating particle (occurs ait=0/2) and the correspondingtrouhalnumber is calculated
using the following formul§29]
1 Q
qw

YO (3.29)
where Vmsis the root mean square of the wave velocity.

Table 3.2. Experimental parameters for oscillating spheggeriments.

Run # Frequency | diameter | Strouhal Ré&,max
(rad/s) (mm) number

9 4.61 50.8 0.9 16.7
18 11.9 50.8 0.9 43

29 5.0 25.4 1.74 9.22
38 13.3 25.4 1.77 24.1
50 5.1 76.2 0.59 27.65
56 9.37 76.2 0.59 51

65 5.63 101.6 0.44 40.7
68 7.63 101.6 0.45 55

Figure 3.9 shows the calculated individual force components on the oscillating sphere for one
cycle. The forces are natimensionalized with respect to the effective weight of the moving mass.
The inertia force shown here is a result of the motion of the effen&es of the oscillating system

which will also be part of the total measured force. The sum of all forces is compared to the
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measured force provided by Odar and Hamilton. It can be seen that all forces are of the same
magnitude, and the calculated ovefaite agrees well with the experiments except near the peaks,
which are underrepresented by the model. The deviations increase with an increase in the
amplitude of oscillation from about 10% to r ¢
should be meined here that, such deviations can also be attributed to uncertainty in the
experiment, the uncertainty in the drag correlatzom the history force model of Mei and Adrian.

A difference of 10% can exist between the measured force and the totaltedléolee even when

the full velocity information of the particle is stored and used to calculate the history force using
Mei and Adrian integratiokernel (Eq(3.15)) [29]. The maximum value of the total force occurs

just after the particle changes the direction of its motion (this corresponds to the zero velocity and
zero drag location). The total predicted force shows a sharp change near the apex as a result of the
abrupt clange in history force calculated using the current model. The abrupt change in the
modeled cumulative history force is attributed to the increase in Reynolds number which triggers
an adjustment in the cumulative history force caused by the correspondiegsiein history time,

and the fact that the newly added incremental history force will have an opposite sign as compared
to the stored value.

Overall, the predicted force compares well with the experiments, in spite of the differences near
the peakln cases of abrupt change of motion where the particle is in direct interaction with its
wake, Lawrence and M@ 9] showed that the decay rate of the history force wilinoeh faster

at a rate proportional to tleverse of time. As such, the integraticernel of Mei and Adrian (Eq

(3.15)) may not be appropriat29]. Results from using Mei and Adridkernel for Odar and

Ha mi | t on &gspheresexperimerdast however, showed that the applicability of the Mei and
Adriankernel is still valid since reasonable agreement was achieved in the selected cases of these
experiments. Dorgan and Ldi®9] suggest that the change in the decay rate due to the ingestion

in the wake would become more evident for cases with higher Strouhal nigtiet ).
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Figure 3.9. Measured vscalculated force on oscillating sphere at different amplitudes and
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3.5.3 Bouncing pheres
Experiments oGondref66] are selected tevaluatehe performance of thaecay functioomodel
for bouncing spheresSeven egeriments are selected in whisblid particles bourein liquids.
The liquids in the experiment are wasedsilicone oils of different densities and viscosities. The
key parameters of the simulations are listed in Tal8ewhere th&eynolds numbes based on
the particleradiusand impact velocityThe soft sphere collision modé@3] is used with a spring
stiffness of 800 N/m to model the collisions. The time step of these simulations is made smaller
than the critical collision time skEa[22] by more than 15 times and was less than 0.001 of the
particle time scale. To start a simulation, the sphere is released from rest and is allowed to move
under the effect of gravity and buoyancy. The initial heighget such that it ensures an impact
velocity equal to the rebound velocity of the experiment, implying a perfectly elastic collision. All
forces of interest are activated just before the collision. The history force in this case is assumed

to reach its teninal velocity with zero value at the incipience of collision.

Figures3.10(ad), show the first rebound of simulations of steel spheres in oil. The rebound height
(h) is nondimensionalized by the particle radius, and the particle radius and the wefmaity

(Ui, (based on impact Reynolds numbers as listed in TaBJeare used to nedimensionalize

the time scale. The density ratio is approximately the same (~8), whereas the impact Reynolds
number is different between cases. The simulation restdtshown for cases when only gravity
(includes buoyancy) is active; gravity and drag forces are active; gravity, drag and added mass,
and the last case with all forces active including the history force as calculated from the current
model. As noted by Galret, it can be seen from the simulation results that as the Reynolds number
increases, the drag force increases. The added mass effect, however, is the same since the density
ratio is kept the same. The added mass seems to give energy to the bourammagstHbounces

to heights larger than that with gravity and drag forces.dilg effect of added mass in a particle
decelerating in a still fluid can be thought to be the same as the effect of accelerating fluid
surrounding a stationary particles &an be seen from Figur& 10, the history force seems to be

over predicted by the current model for case 10A (Reynolds number of 394) by about 10%, but

shows good comparison for the remaining cases.
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Table 3.3. Sphere and fluidrpperties for the selected bouncing sphere experiments

Flg # RQJ,impact dp(mm) rs(kg/rn?’) rf(kg/r‘rﬁ) My (m2/s) tq (S) Rao,rebound
Gondret
10A 394 5 7800 920 0.005 4.6 369
10B-11B | 106 6 7800 953 0.02 1.715 84
10C 55 4 7800 953 0.02 0.762 39
10D 15 6 7800 965 0.01 0.347 7
11A 108 5 14970 953 0.02 1.191 96
11C 119 6 2500 935 0.01 3.366 89
11D 91 5 1410 920 0.005 4.6 57
* Reynolds number based on partictalius
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Figure 3.10. Reboundrajectories for spheres at different Reynolds numbers and constant
density ratio (S~8).
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Figures3.11(ad) present the rebound trajectories at approximately the same impact Reynolds
number but at different density ratios. It can be seen that the curreled onoder predicts the

history force by about 10% for case 11A, but shows good agreement for cases 11B and 11C. For
case 11D, however, it can be seen that the current model over predicts the force such that the

rebound height is underestimated by about 50%
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Figure 3.11. Rebound trajectories for spheres at different density ratios and the same impact
Reynolds number (R@npact~100).

This can be due to the fact that ffeeticle is being ingested into itsakein this impulsive motion.

It is suggested that because the rebound of the particle is taking place near the wall, it will have
longer interaction time with its own wake on its way to the wall. As discussed indl®ys
section, according to the findings of Mei and Lawrgb& the long time decay rate of cases with

sudden stops or reversal in motie&come proportional to the inverse of tiara the use of Mei
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and Adriankernel (Eq (3.15)) becomes inappropriateomparison of the current model results in
other bouncing sphere cases, however, suggests that the use of inverse agbstjtilsre decay

rate of Mei and Adriafkernelmay still be appropriatéor similar situaions It is suggested that

there might be other parameters which determine whether the wake will alter the decay rate of an
oscillating or bouncing sphere. For instance, Dorgan and [2&hsuggest that the Strouhal
number of the oscillating particle has to be large enough to violate the applicability of Mei and
Adrian kernel. In the current bouncing sphere experiments, the for case 11D, the rebound height
is found/estimated to bae smallest as compared to the length scale of the wake among all cases
(ratio ~0.27, second smallest for 11C is ~0.52, others are more than 1.5) which may indicate
stronger impact of the wake on the rebounding trajectory. The ratio of wake length &otitle p

diameter was roughly estimatading findings of Taned&7] as

%« p& v 1 T ¢UIC 1 (3.30)

Other than Case 11D, the model generally shows reasonably good agreement compared to
experiments. The activation afl unsteady forces improves the prediction as compared to drag
and gravity effects onlyin all the rebound cases it can be seen that the activation of added mass
force without the history force can lead to more deviations as compared to neglecting unsteady
forces altogether (i.e. activation of drag, gravity and buoyancy dhgfould be oted that some

cases show deviation in the calculation of terminal velocity which can be due to uncertainty in
experimental measurements or due to uncertainties in the drag model or differences in parameters
used in the simulation and the actual parametetise experiments. Noting that, the history force
model is activated just before the collisisuinchthat the particle starts the collision with no prior

history.

3.6Computational resources
The current model greatly reduces the memory requirements to talthdahistory force. In the
current formulation only five variables need to be stored per particle for the entire simulation, three
variables for the cumulative value of the history force in each direction for a three dimensional
simulation, together wittwo additional variables to store the previous history time of the particle
and the starting time steplhese memory resources should be comparea {@Beren is the

number of time steps) for the full calculation (savingsmDgf the history force. fie reduction
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in floating point operations depends on how long the simulation is run. For example the floating
point operations required to calculdtee Basset force for 3D simulation is abol@ different
operationausingEqg. (3.2839. On the other handheé traditional 3D calculation of the history force

using the Basset kernel will require about 4+ Mjfferent floating point operations. It is also
interesting to compare the current model to the window mi@®l In the window model the

hi story force is calculated by only wusing the
time using the Basset kernel. It is estimated that the calculation will require 2RH+aifferent

floating point operations wherg is the number of time steps to reach the history time.

Figure3.12, shows the CPU time required to calculate the history force per time step for a selected
case using the three different calculation technighesull history force calculation, the window
model, and the current model. For the former two calculations, mock subroutines were used in
which only information of current and previous time step are used. For full calculation of the

history force, only Bsset kernel (less expensive) was considered.
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Figure 3.12. Comparison of CPU time required to calculate the history time.
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It can be seen from Fi§.12 that the full calculation can be done faster than or at about the same
time as the current model only at the very first few time steps. However, the full model becomes
a lot more expensive as the simulation proceeds in timeny: TOfe window model follows the

same trend as the full force calculation until the history tsneeached; as the particle attains a
higher Reynolds number the corresponding history time decreases. It can be clearly seen that the
current model significantly reduces the CPU time for long integration times as compared to the
traditional calculation andlso compared to the window model. The scatter in the points shown is
because of change in compute machine performance. Some of the calculations of the current model
(scattered) seem to be slower than the window model. The authors attribute thisdbttiet the

current model involves more expensive arithmetic calculations compared to the window model
(i.e., multiplication, division and exponents takes mtating operations per secoas compared

to addition) thus showing more sensitivity to changesachine performance. It should be noted

here that the window model will differ in computational complexity depending on the Reynolds
number whereas the current model exhibits the same behavior independent of the Reynolds

number.

3.7Summary and Conclusiors
In this work a new modeling approach for history force is proposed. The new model saves both
CPU time and memory resources. The model shows very good agreement with settling particle
simulations for a wide range of Reynolds number ranging from ~1 t® ~Stne deviation was
noticed at smaller Reynolds numbers ~1, whaan beattributed to the rapid change in
acceleration in a short time which may not be consistent with the assumptions made in deriving

the current formulation.

The modelalso shows good agreementwhen compared to availablexperimental dataof
oscillating spheres at different frequencies and amplitudes, and spheres rebounding from a wall
over a wide range of Reynolds numbers and density rdtn@scurrent model efficiently calculates

the history force in terms of both memory resources and calculation Tineememory resources

are reduced to saving only 5 parameters per particle for the whole simulation compareérto 3
particle when using the full force calculation method using the@&®ernel and few hundreds per
particle when using the window modg9]. The large savings in memory resource and

computational time makes this formulation a good candidate ®iruapplication where large
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number of particles are simulated for long timéalidating the performance of the model in a
complex flowfield is difficult to tackle and was not tested. The validation of the model in basic
modes of motion, howeveandicates that it could producgiantitative/qualitative agreement in a
combination of these modeBhe model was developed and validated assuming/astogstant

time step. The applicability of the model is limited to cases where Basset or Mei andisdnain

are applicable (e.g. Mei and Adrian kernel maybexdpplicable if the particle is ingested into its
ownwake).Themodel deviates from experiments when large variations in acceleration take place
within the memory time period. These deviationserehnoted as discontinuities for settling

spheres wh small Stokes numbers (~0.1).
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4.1Abstract

In this work, a fullycoupled Computational Fluid Dynamics (CFD) model and Discrete Element
Method (DEM) are used to simulate a unidirectional turbulent -cpannel flow over the full

range of sediment transport regimes. The fluid and particles are @ahguseparate grids using

a dualgrid formulation to maintain consistency and avoid instabisiyues.The results of
coupling the dispersed phase to a multiphase flow solver that uses vehenaged NavieBtokes
equations are compared to those obtinem coupling through drag to a single flow solver. The
current work also examines the applicability and limitations of lumping particles as a
representative particle to reduce the cost of simulations. Insight to the impact of different turbulent
eventsto the entrainment of particles is also given. The simulation results of sediment transport
from both coupling techniques show good agreement with empirical formulas in the bedload
regime,but underpredict sediment transport in the suspended load regjintiee suspended load
regime, usingpartial coupling, the rate of sediment transport was found to be {prddicted as
compared to fulcoupling. The deviation in results in the suspended load regime was found to
increase with increases in the appliedsststress. Both coupling methods revealed the same effect
on the friction factor where friction increases in the bedload regime and decreases in the suspended
load regime reaching a maximum at the transition between regimes. This result is contrary to past
studies which have shown a discrete jump in the friction factor at the transition. Lumping particles
as representative particlssshownto reduce the simulation cost by more than a factor of 5 when
using a scaling factor of 2. By doing a quadrant aisign information obtained from particle and

flow field results, it was found that most of the particles are entrained by more frequent sweep

events.

4.2Introduction

Sediment transport is vitally important in many geological and engineering applications.
Understanding the underlying physics of sediment transport is important to identify the conditions
under which erosion and deposition take place. Two aspects are of vital importance to sediment
engineers: the condition at which the magnitude of hydrodynaonce$ become capable of
entraining sediment particles (tbetical conditionor threshold conditiopy and the transport rate

of the solids in the flow. Many experimental and theoretical efforts have been done during the past

several decades to determihe tondition of incipient motion and the sediment transport rate. An
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extensive recent review of the most used methods to calculate the incipience of particle motion
can be found in Dej68]. A review of the most commonly used sediment transport formulas along

with their range of applicability can be found ina@ison[69]. Among the various parameters
proposed and used to predict the incipience of motion the most commonly used approaches are
either based on mean flow velocity or the bed shear stress. Recent research work suggests that the
entrainment of sediment particledates to the impact of large impulse forces for short times

during turbulent evente.g., 70]

Two-approaches are commonly used to study granular/particulate flows, namely the Eulerian
Eulerian description and the Euleribagrangian approach. Most EuleriBolerian sediment
transport models in use solveetliReynolds Averaged continuity and NawStokes (RANS)
equations of the carrier fluid along with the mass balance equation for the sqdibpewtith the
introduction of closures, the sediment mass balance (or continuity) equation is usually interpreted
in the form of a convectiediffusion equation which solves for the sedimemtcentration. Large

Eddy Simulation (LES) was recently integrated in this descripgian, 72, 73]AnotherEulerian
Eulerian approach is the Twiuid-Model (TFM) in which a volume averaged NewStokes
eqguation is used to solve the dispersed pfege 20] In the TFM, additional closure models are
required to account for the continuum properties of the dispersed phase (i.e. pressure and
viscosity). These closure models typically use theoretical or-esmprical correlationg74]. In a

Partial Two-Fluid-Model, the mass and momentum of the two phases are combined and solved for
the mixture[75]. Different research groupg6, 77]applied a RANS model of the carrier fluid to
account for turbulence and showed good comparison to empirical correlations (and Eulerian

Lagrangian descriptions) of sediment transport in the bedload and susteaieegimens.

In EulerianEuleian models, the bed morphology (or elevation) is calculated by solving the mass
balance equation at the surface using the Exi8¢ror ExnerPaola equatiofv9]. The process of
solving for morphodynamics is usually associated with the use of additional closures (e.g. sand
slide algorithm to control the reppsngle of sand). Using these techniques, Eul&tidarian
descriptions have been used to predict morphodynamic andvsamedformation along with scour
around pier$80-83].

Although EuleriarEulerian methods are appieg as they allow for simulating industrial and
possibly natural scale phenomena, Euletiargangian descriptions allow for better
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representation of partichall interactions with large variability in particle sif8]. The use of
EulerianLagrangian desiptions for single and multiple saltating sediment particles has been the
topic of intensive research wojdg., 33, 84] Such simulations are typically runth a fixed fluid
velocity profile imposed over the particle bed and an initial velocity is given to the saltating
particles under consideration. A stochastic collision model is usually applied when particles are in

contact with the bed to determine théial condition of the next saltation trajectory.

Various modeling approaches have been used to simulate multiple particle systems. These range
from modeling the fluid with twalimensional moving slabg85, 86] or advecting a point
measurment of fluid velocity above the bed of partic|88] or using an averaged velocity profile

[87]. Qualitativeand quantitative agreement when reported by using these models.

Chang and Scotfi88] did LESDiscrete Element Method (DEM) simulations to analyze the
trajectories of individual particles released in a turbulent flow over a wavy wall. Though the grid
spacing was about an order of magnitude larger than the sediment diameter, -avédy @oepling
between thdluid and dispersed phase was used (parpeleicle interactions are not considered
either). Fourteen thousand, four hundred particles were uniformly distributed on a section of a
ripple surface and were released in the flow once a specified threshslexeeeded. The vertical
structures on the upslope are shown to control the amount of sediment entrained and the particle
trajectories. The same model was use[8%]j to investigate the role of coherent structures in the
lifting and dispersal of sediment under pulsating flow conditions.

Durén et al.[90] coupled DEM with RANSo examine the influence of the grain to fluid density

ratio on the sediment transport for tin@nsitionfrom bed load to saltation. In theimodel,they

coupled a Reynolds averaged description of the carrier flow in a pseuddinwasional
continuum wih a DEM. They proposed a Prantiite differential mixing length for turbulence
closure. Fifteen thousand spherical particles were considered with small variability in the diameter
(dmax~1.2 Ghean Where @haxis the maximum diameter andddnis the meanliameter). The particles

and fluid were coupled via drag and pressure forces. The model was able to produce the qualitative
behavior of bedload transport at a particle to fluid density ratio close to unity and saltation of
particles inair (Aeolian transpd) at alargeparticle to fluid density ratio. The patrticle flux with

air and water showed agreement with experimental observations.
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Escauiaza and Sotiropoul{®l] used Detached Eddy Sutation (DES) to study the effect of
horseshoe vortical structures on sediment transport in the vicinity of a cylindrical pier. Up to 10
particles were placed upstream of the vertically mounted cylindereotangularcchannel. The
particles were assumewt to affect the fluid (ongvay coupling) in their model, however, the
particleparticle and particlevall interactions were considered. Their results showed that the
location of particle ejections appeared to coincide with the onset of the turbulessme vortex
instability. Good qualitative agreement was found with experimental observatiossafring
conditions near the threshold condition.

Nabi et al.[92] used four different sumodels to describe sediment transport, namely pickup,
transport over the bed, suspended transport, and deposition. Sliding is ignored for sediment pickup
and sedimet transported over the bed is modeled as a layer that moves in the direction of the
exerted force. The average saltation heighigth,and velocity show agreement with experimental
results. The model was used along with LES on a Cartesian grid withdGoament to simulate

the formation and migration of dunes and was able to capture the realistic po§kidhe model

was alsoused to simulate the development morphodynamics of bed forms and local scour at

submerged piers and showed good agreement with experimentg3ji4|]

Schmeeckl§41] combined LES with DEM to simulate unidirectional transport in an open ehann

He did 11 experiments spanning a region of no motion to energetic suspension. Only drag, gravity,
buoyancy, and pressure forces were considered with the solid phase being coupled through drag
to the fluid solver. A drag model based on experimentalrgh8en developed by Schmeeckle

[95] was adapted which gives the drag force as a function of particle Reynolds number (but not
the void fraction). The LE®EM showedgood capability of predicting bedload sediment
transport rates. The same approach was asexldy Schmeeck[86] to investigate the interaction
between the bedload motion and turbulence in a backward facing step. Their quadrant analysis
results were consistent with the findings of the experimental work of Nelson[87alvhere

sweeps and upward interactions were found to entrain most of the transported sediment.

Resolved flow simulations were also used to gtselddiment transport using Latti@®oltzmann
simulations or coupled Immersed Boundary Method (IBM) to Direct Numerical Simulation-(DNS
IBM) in open horizontal channel floye.g., 98] laminar channel floW99] or turbulent channel

flow [100]. Good qualitative comparisons are reported in these studies for the onset of emsion an
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transport rate. These simulations, however, are computationally expensive and are subject to one
or more of the following constraints: limited number of particles, low submergence rate (small

domain), relatively small Reynolds numbers, or relatively kmegdgration time.

The state of the art of Computational Fluid Dynaiscrete Element Method (CFDEM)
modeling efforts extends to using a fluid grid larger than particle[8@eand using RANS in
solving the flow field or coupling the discrete phase through drag to a single phas¢4igivey

doing so, it is possible to avoid numerical ftgbissues occurring from discontinuities woid
fraction, which would occur in a fully coupled solver if the particle size was of the same order or
larger than the grid size. The use of RANS, however, neglects the unsteady nature of the fluid,
which plys an important role in the entrainment and suspension of particles. On the other hand,
in wall-resolved methods such as LES, using-eag coupling neglects the feedback from
particles to the continuous phase, and only coupling the two phases throgg$ idmplete.

An alternate treatment is required for more appropriate coupling of the particles to a multiphase

flow solver when the size of the dispersed phase diameter is larger than the required grid size.

In most past LE®EM applications, the inltent coupling between the solid and fluid phases was
reduced to ongvay coupling or by coupling particles to a single phase solver only through drag
force feedback. The primary interest of this paper is to extend theo$tdeart of simulating
sedimenttransport by using LES with a dugtid-formulation[18] of DEM as a tool to allow
proper coupling between the continuous and the dispersed phase. The differences in the two
coupling formulations is investigated, namely coupling the pastiidea multiphase flow solver

and coupling the particles only through drag to a single phase flow solver. In the former, the
volume averaged Navie€tokes Equationf20] are solved for the continuous phase and source
terms from particles are fed back into the momentum equation of the carrier fluid (referred to as
full coupling). In the latter, source terms from particles are includéteimomentum equations,
however, the continuous phase is modeled using N&takes equations for a single phase
(referred to as reduced/part@upling). The reducedoupling formulation was used by
Schmeeckl¢41] to avoid stability issues that could arise from using a multiphase flow solver with
particle sizes larger than the grid size. The dwal formulation[18] is used hereinotovercome

such stability issues. It should be noted that after the completion of this work, the authors have
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become aware of a recent work by Sun and Xi&d] in which a different technique is used to

overcome the same stability issue.

In addition to investigating the coupling between phases, the paper also investigates methods to
reduce the cost of the DEM. Since the computational cost of tracking each indpaditicle

scales with the order of the number of parti¢3?2], the applicability and limitation of using a
Representative Particle Model (RPM) on simulating sediment transport flows also is considered.
In this model, particles are lumped together as representative panickduce the number of
simulated particles and permit investigating larger, more realistic, systems which otherwise would

not be possible to simulate or would come at a considerable computational cost.

These enabling features are applied to sedimenpansa a turbulent channel flow across a range

of conditions from essentially no motion to strong suspension. The structure of the paper is as
follows: Section4.3 presents the governing equations along with additional numerical tools that
are used in this work. It includes the numerical aspects of the flow solver, particle equation of
motion (EOM) with point force models, the dwgaid formulation, and finally theepresentative
particle model. The simulation details are given in Sectidnwhile the results section (Section

4.5) includes subsections related to the comparison of sediment transport and channel friction
results from using different coupling strategiand using a representative particle model. Findings
from the current numerical simulations regarding the entrainment of particles by different turbulent

events are also presented in this section. Concluding remarks are given in &6ction

4.3Governing Equations andMathematical Formulation

The methodology applies an Eulerdbagrangian approach involving tracking the individual
motion of each particle. The flow is not resolved around the particle surface; insteadomaint
expressions are used to aacbdior different fluidparticle interactions. The fluid governing
eguations along with the particle equations of motion and the coupling strategy are first presented,

followed by the description of the dugtid formulation and the representative partidledel.

4.3.1 Fluid equations
The carrier phase is modeled using volume averaged Natokes equations derived by
Anderson and Jacksqg0] for multiphase flows. The current implementation of the continuous

phase is governed by ModBlof Gidaspow21] in which the pressure drop is accounted for only
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by the fluid. Under the assumption of fuleveloped flovithe modified fluid equations are written

as

e- B T 4.1)

- ® , L
o omese ow mef R S0 e @2

where- i hdhandf'are the fluid void fraction in each computational cell, fluid density, fluid
interstitial velocity, modified fluctuating pressure, and viscous shear stress, respectively, and t is
time. Whiled h'® K@ , and¢ are the particle masthe drag force per unit mass of the
particle, the gravitational acceleration, the volume of the computational cell, and the number of
particles residing in a computational cell, amdpresents each individual particks.is the mean
pressure drop across the domain in thdirgction (constant) Y0 70 , where P is the total
pressurely is the domain extent in the flow direction (x in the current work),'@nd the unit

vector of the flow direction. The voiddction accounts for the presence of particles in the fluid
volume. In contrast, a single phase flow solver does not account for the presence of the dispersed

phase (hencee=1 in equations 1 and 2). The shear stress teffisor=q.4.2, is written as

fooo om (4.3)

wheremis the dynamic viscosity of the fluid ahd is the subgriescale turbulent viscosity which

is calculated using the dynamic Smagorinsky m¢2@| 103]in the current work. Adcal value

of the dynamic constant is calculated and is constrained to values between 0 and 0.04. The second
to last term on the rightand side (RHS) of E4.2 accounts for the interaction forces between the
dispersed phase and the continuous fluid phaddt together with the void fraction fully couples

the fluid equations with the dispersed phase. The last term iA.Eds required to simulate a
streamwise periodic channel flow. It accounts for the mean pressure gradient which is applied to
the stramwise momentum equation to drive the flow. Following the treatment of Patankar et al.

[104], the pressure can be decomposed into a mean and flucto@tiodic component

bad 0 T o fao (4.4)
wherep is the modified fluctuating pressumjs the position vector, anBrer is the reference

pressure. The modified fluctuating press(pis used in Eq(4.2). The flowrate adjusts as the
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flow develops until the losses in the domain are balanced by the mean pressure drop. More details

on the turbulent fluid flow solver are describedif5].

4.3.2 Particle dynamical equation

In the DEM, the path of each particle is predicted by the integration of its equation of motion
resulting from the application of Newtonds | a\
for small parttles in noruniform flow derived by Maxey and Rilejl06] forms the baseline

equation of motion to which other force contributions are added. The equation of motion of

particles moving under the influenctdrag (8 ) and gravity® ) forces along with contact

forces (® i) can be expressed as

Qb -

9% !, ' §2) H (4.5)

where the force components in the equation are pemass of the particle and tepresents the
particle velocity. The contact force in E45 accounts for both particfearticle interactions and
particlewall interactions. The soft sphere approf2] is used to account forurtiple interactions
occurring at the same time which is predominant in dense particle concentrations. The contact
force in the soft sphere model is decomposed into a normal force component and a tangential force
component. Normal and tangential force comgnts are modeled using a spraashpotslider

system as sketched in Figl. The contact force components in the norrit) and tangential

('®) directions to the collision plane are expressed as

D QP - b; (4.6)
QP -y IO D

o) = h © (4.7)
) So T N )

wherek, d , anf/mabove are the spring constant, particle contact displacement, coefficient of
viscous dissipation, and friction coefficient, respectively. In Bfsand4.7, the subscripts and
t represent the normal and tangential components of the various terms. The viscous dissipation

coefficient is given by
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— q (4.8)
o p |
wheremet is the effective mass of the colliding pair
i a a
a g g 4.9
anda can be determined from the restitution coefficient as
| 1 (4.10)
L=
—\WW—
11
—
Figure 4.1. Schematic of the sefiphere collision model
The rotational motion of the particles is governed by
o &'v o
20n X (4.11)
Qo (@)
wherelpandw, ar e t he particlebdbs mass moment of ine

Tp,coliision IS the torque resulting from particle collisions with walls or with each other. Individual
force models used in the current work for solid spherical particles is presented briefly in the next
subsections.

Gravity force herein includes both gravity andopancy effects. The submerged weight of the

particle (per unit mass of the particle) is given by
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) p — B (4.12)

wherer, is the density of the particle amgis the gravitational acceleration (= 9.81 fyShe
drag force accounts for tlpaststeady drag in uniform flow and is often a key element in the

interaction of dense granular flows and is modeled using the form

i) T— ® @ (4.13)
- p -
where b and® are the momentum exchange coefficient and the average fluid velécity.
combination of the ErgufiL07] formula for dense mixtures 1@ and the Wen and Y[108]
drag correlation for dilute mixtures 1@ is used for the momentum exchange coefficient with

a blending function to avoid discontinuf1].

Il P (4.14)

f pUTE—g— P Lp g® © (4.15)
9% P " g o . 8

I -0 —§g ® @ (4.16)

whered; is the particle diameter, and the blending functidiis defined as

o OAlpuvr ™ B (4.17)

and the drag coefficiel@p is defined as

CTpdt MP WY P TYh YQ pnmn
mh YQ pnnm

whereCp is the drag coefficient. The particle Reynolds numBey,is calculated as

) (4.18)

- @
YQ —— (4.19)

Other forces, which could be relevant, are the lift force (due to velocity gradients or Magnus
effects), the added mass force, the Basset/history force, and the unsteady force. Mathematical
formulation of these point mass force models for finite Reynolosher can be found ifb8].

Since one of the main objectives of the current work is to examine differences between using
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different coupling strategies, only coupling through drag is considered in the current work. It
should be noted that the traditional cdd¢ion of the history force can make the whole calculation
impractical for cases in whichlarge numbenpf particles are integrated ovetang time[109].

The history force is negi¢ed in most CFEDEM simulations that include a large number of
particles [e.g., 91, 92, 101] However, comparisons of modeling results to experimental
measuremerj66, 109]show that the trajectorie$ the particles bouncing from a wall in a viscous

fluid are better represented by drag and gravitational forces only as compared to the consideration
of part of the unsteady forces (i.e. including added mass and neglecting history forces). In light of

thesw reasons, both added mass and history forces have been neglected.

4.3.3 Dual-grid formulation

Turbulent transport plays a key role in many industrial and natural particulate flow systems
including sediment flow requiring the resolution of turbulent flow stmestuThus, dense fluid

grid densities are required near surfaces. On the other, hand DEM modeling requires the grid to be
large enough for proper volume averaging and to prevent sharp changes in the void fraction field.
This is encountered in sediment flewince the grid required to resolve turbulent structures is
typically smaller than the sediment size. To resolve this contradictory requirement, a coarse
particle grid is mapped to the finer fluid grid to allow for proper coupling and better stability.
While the particle dynamical equations are solved on the coarser particle grid, the turbulent fluid
flow equations are solved on the finer fluid gfid]. In the dualgrid formulation, the turbulent

flow field is advanced in time on the flugtid using calculated void fractions and source terms
from particles from the previous time step. At this stage, the updated fluid velocities are transferred
to the coarser particle grid. The transferred fluid velocity together with the particle velodity

void fraction are used to calculate the drag force on the particles. The paritiesn advanced

in time after calculating other relevant forces such as gravitational and collisional forces. As the
particles are moved to new locations, the voidtfom field is updated on the particle grid and
transferred to the fluid grid together with the source terms. Both calculated void fractions and
source terms are used in solving the fluid equations at the next time step. This method of full

coupling, i.e.via both, particle drag and void fractions is used in the current work.
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4.3.4 Representativeparticle model

Unlike simulating dilute particle mixtures without collisions, the DEM in dense mixtures, which
resolves individual particle collisions, is dominatedhmy search for neighbors and the small time
scale of the modeled collisions, giving it high spatial and temporal computational complexity.
Thus, while tens of millions of particles can be reasonably accommodated in dilute suspension
calculations as in Feante and Elghobasfii10] who considered 80 million particles, CHREM

in dense mixtures is limited to at most a few million particles using parallel processing techniques
[e.g., 111] Thus, to extend the applicability of the DEM to a large number of particles, methods
that reduce its computational complexity have been attenipi@d 113] The method used in the
current work is based on lumping particles together into representative particles. Two different
techniques are used for the representation of lumped particles; in oned nretheasing the
particle size is associated with changing the particle and fluid properties according to similarity
modelg114-116]and in the second approach the physical particle and fluid properties are retained
[117, 118]

These models have been used in fluidized bed sy$eegs5] spouted bedd.14], and pneumatic
conveyance systenf418]. Qualitative and quantitative agreement is reported with the use of
different scaling factors (ratio between the representative particle diameter to the original particle
diameter) up to 16. A scaling factor of 5 allowed $onulating up to 25 million particles in a
fluidized bed with good quantitative agreemen
the applicability of the model to sediment transport has not been reported so far. In the current use

of the represdative particle model (RP model), both the fluid and particle properties are retained

while the particle diameter is increased.

Consider a particle moving under drag and buoyancy effects only4(EQ. The equation of

motion of the original particles sisming binary collision between particles

[9¢)
’ [T yoo F)) ’ o ’ “ 420
a —,Q 5 w 0 O D ; D ; ( )
The left hand side (LHS) represents the rate of change in particle momentum and the terms in the

right hand side (RHS) represent tiet particle weight, the drag forc®f ), and the normal

(® ) and ® ) tangential collision forces. In Eg4.20), my andV, are the mass and the
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volume of the patrticle, respectively. The number of particles in egmlesentative particle (or
parcel)nyp, can be found as
8 0;_ % & (4.21)

where,& andQ are the mass and diameter of the representative particle respedtigelye
scaling factor (or graining ratio). Taking the sum of both sides over the number of particles inside
each computational parcel gives

, »

a 06 E w” R V) O, O 5 O, (4.22)
The velocities ofthe representative particles abe,, (where the superscrifRP refers to the

representative particles) assumed to be the average of the original scale particles

P

® ® (4.23

Since the collective mass of the particles inside pactel is equal to the representative particle
mass fnrp=npp M), Eg.4.20 can be written as

[9¢)

a —=
Qo

® 7 "B ) v ® (4.24)

Additionally, it is assumed that when two paraafiide, all original particles within the colliding
parcels are undergoing the same collisigi €ollisions occur) such that

~
g

Assuming the original and representative particles to have the same pverlap , hence

V5 € QP - @ (4.26)
such that an equivalent representative particle viscous dissipatiorafid spring constant )

can be set as

~

0 & QO- & - (4.27)

Then Eg4.26 can, thus, be written as
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0 NP - 6 (4.28)

Similar treatment is done in the tangential direction.

As for the rotational motion

Qb H [5} O ;

— - - (4.29)
Qo O O
Equation 5.29 yields
S (4:30)
Qo aQo

The drag force for particles within each representative particle can be expressed as (448l Eq.

S , I
p- p -

L2 L2 ® @ (4.31)
in which the momentum exchange coefficiéns assumed to be constant and evaluated for the

original size particles.

4.4Simulation Details

A unidirectional open channel flow simulation used by Schmeddileis selected for further
investigation in this study. The simulations comprised of ten numerical experiments of 0.5 mm
spheres of 2650 kgfalensity (medium sand) that cover the full range of sediment transport modes
ranging from essentially Amotion to $rong suspension. The simulations are performed in a
turbulent open channel flow (Fig.2) with a velocity slip condition imposed on the top boundary

and a no slip condition on the bottom wall. The flow is periodic in both stvaaenand spawise
direcions. The imposed mean pressure drop that balances the shear stress determines the value of
the mass flowrate inside the channel (BE4.0). The numerical experiments considered in the
current work compromised of 5 simulations in the bedload regime anchBatons in the
suspended load regime. The numerical parameters for the simulations are listed f1T dlle

bulk Reynolds number indicated in the table is based on the averaged/bulk velocity of the fluid
(up) and the full channel height. The friatial Reynolds number if based on the shear velagi}y (

As commonly understood in the literature, the transition between the two regimes is assumed when

the ratio of the shear velocity to the settling velocityg) is around unity. The settling velbg
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for medium sand was calculated based on the empirical settling velocity formula of QiEt8¢h
and found to be 0.057 n41]. Simulations thatover the bedload regimes were performed using

115,728 particles whereas simulations in the suspeloa@eldegime were performed with 330,028

particles.
Table 4.1. Simulation parameters for the different test cases.
Case Bedload Suspended load
1 2 3 4 5 6 7 8 9 10

Ut 0.013 | 0.0222| 0.03 | 0.0392| 0.0483] 0.0618| 0.0753| 0.0835| 0.0944| 0.113
Rea |584 998 1346 | 1762 | 2170 |3382 |3754 |4240 |4680 | 5080
t’ 0.0209/ 0.061 | 0.111 | 0.19 ]0.288 | 0.7 0.862 | 1.1 1.34 |1.58
u/ w] 0.239 | 0.384 | 0.526 |0.696 | 0.848 [1.31 |146 |164 182 |1.97
Re, | 7,820 | 1,1847| 15,160| 18,476| 22,286| 29,712| 33,466| 39,141| 46,321| 53,116

t” is the wall boundary shear stress

Figure 4.2. Simulation domain of unidirectional turbulent channel flow tases. Particles are
colorized using their streamwise velocity with respect to the friction velocity (Case 1).
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All the simulations were run in a domain of 0.12x0.06x0.04 m divided into 120, 60, 65 cells in the
streamwise (), crossstream £) and verticaldirection /), respectively. The grid is uniformly
spaced in both streamise and spawise directions. The grid vertical spacing is 0.2 mm for the
first 20 grid cells above the bottom wall, which is then gradually increased in size towards the top
bounday. This particle bed height for bedload simulations (~ 2 mm) is encompassed in the uniform
grid region. The domain and grid used are the same as that used by Schiddé¢cklensure
proper comparisons. The size of the ngal grid used is 0.2 mm, which for the range of flow
conditions considered in this study correspond&yto(5/*=Dy1.u/n) ranging between ~ 3 and

25 forRe =584 and 5080, respectively. The parameters used in the definijioarefthe friction

velocity,ur (us= 1t ¥, wheret s the wall shear stresapdthe spacing of the first cell

in they-direction (3y1). The used values gf may seem to be high for waksolved LES in a
turbulent channel, however it is noted that the presence of the sediment bed damps the turbulence
in the neamwall region. A grid refinement study performed [@y] for cases of” ~ 0.288 and”

~ 1.58 (Re ~ 584 and 5080) showed that sediment transport did not exhibit any notable change

by the refinement of the grid. Her€isthenord i mensi onal shear etérress

Kk —).

To verify the adequacy of the baseline grid used, two finer grid calculations are performed for
Ra=5080, the highest Reynolds number in this study (see Bableln the firstlevel finer grid

the number of cells in thersamwise direction was kept the same as the baseline grid, whereas
the number of cells in both the crestseam and vertical directions was increased to 150, resulting
in a grid 5.8 times larger than the baseline grid. The-walrgrid size was reducdwy a factor of

4 in the first 2 mm above the bottom wall (thi" ~6 at Re= 5080). In the secoriével
refinement, the streamwise number of cells was increased to 150 whereas the number of cells in
the vertical direction was increased to 250, giving a grid (150x150x250) which is 12x finer than
the baseline grid. The near walllsevere refined by a factor of 2 compared to the finer grid (8
times compared to the baseline grid in the first 2 mm above the bottom wall) 4Tabl®ws the
results of the grid study with corresponding cell size in the x, z, and y directions inaerms
percentage difference from the finest grid level which is considered the true solution. Both finer

grid results are averaged for 10s after running the simulation for 10s of real time. The baseline grid
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has errors 0f13.7%,-0.22% and 0.11% in the pate flux, friction coefficient, and mean velocity,
respectively with respect to the finest grid. Whereas the finer grid has errors of 7.9 %, 5:9% and
2.8%. While no clear convergence trend is noticed, the particle flux seems to be the most sensitive
to the change in grid resolution but is bounded within +15%, whereas the friction factor and the
mean velocity are less sensitive to the grid resolution.

Taking into consideration the high cost of the simulations on the finest grid level and the fact that
while grid independency is a measure of the accuracy of the results, other parameters such as
friction between particlesy, in Eq. @.7) have a much larger impact on the results than the grid
[120], we have used the baselinédgfor all the calculations. Thus, with the use of the baseline

grid, we submit to an uncertainty of £15% in the particle flux, which notably varies over four
orders of magnitude from 1x£@o >10 from bedload to suspended flow regimes.

Table 4.2. Comparison of baseline grid results with finer grid results for most energetic
suspendedbad simulation.

Baseline grid | Difference % | ging orig Difference” % | Finest Grid
Core | 468,000 B 2,700,000 B 5,625,000
(120x60x65) (120x150x150) (150x150%250
Ut 0.113 -- 0.113 -- 0.113
Re 5,080 -- 5,080 -- 5,080
t” 1.58 -- 1.58 -- 1.58
* 137 % 12.68
q 10.95 13.68 7.9 %
-0.22 % 0.0105
Ct 0.0105 0.0111 59%
0.11% 1.103
Ub 1.104 1.0721 -2.8%

(grid resultfinestgrid result)/(finest grid result)

The simulation parameters pertaining to particle properties are listed in ZlablEhe particle
stiffness was set to an artificially low value, which is a standard practice, to soften the particles

and to increase the timé collisions in the application of the soft sphere mdeeay., 22] This
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velocity betweemZra n d

experi ments

the kinematic viscosityfdahe fluid.

Table 4.3. Numerical parameters of particles.

compared to

known as Galileo number or the fall parameter) defined as

0 —

technique has been shown not to have much effect on the results with the caveat that the softening
should be limited to qrgvent large unphysical overlaps between the spheres in contact (>10% of
the radius). Thethertechnique, which is used in the current simulations to work with disparities

in the particle collision time scale and that of turbulence is the use eftespjfing. In this
technique, the particle is advanced multiple time steps during a fluid time&&ste@X/Nsun, Where

Oypis the time step used for the particle calculati@nis the fluidi or calculatiortime step, and

NsubiS the number of particle stgieps within a fluid time step) using a linearly interpolated fluid

( n whergnaeidicates the number of the fluid time step. In the
current work, the fluid time stepet step was set to 5.381s within which ten particle time step
calculations are performed. Figu#e3 shows the location of the selected computational

t h1e1l]) 8ldng with driteriador theg r a m
transition to susgnded flow by Bagnold (1966) and van Rijn (1984) . It can be seen that all
suspended load experiments have shear stresses higher than the Bb2@joldriterion of

initiation of suspensiorR, indicated in the figure is the explicit particle Reynolds number (also

p QQ7T wherenis

Parameter Value
Particle diameter 0.5 mm
Coefficient of restitution 0.01
Particle density 2650 kg/m
Friction coefficient 0.6
Stiffness coefficient 100 (N/m)
Particle time step 5.310°s
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Figure 4.3. Transport regime for the selected cases: Bagnold (1966), van Rijn (1984), and

To initialize a simulation,
velocity equal to the fluid velocity. The initial mean velocity of the fluid was set to 16 times the
friction velocity (Ur) and the simulations were run for up to 30 s of real time. Figjdrehows the

time series redts of mean flow velocity and sediment transport for a selected case. It can be seen
that both particle flux and fluid velocity almost reach a stationary value after the first 10 seconds.
The percentage change in fluid velocity in the last averaging p€2i@80 s) compared to
previouslyaveraged results (120 s), shows that the change in flow velocity is about 6% or less,
whereas almost all cases show a change of 13% dplabe particle flux in the same period. The

physical time before averaging is equivalent to-280 flow-throughs of the domain (highest for

more energetic cases).

Rp

Shields (from Brownlie, 1982).

particles were distributed abovebtittom surface of the bed with their
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Figure 4.4. Evolution of flowrate and sediment flux for~ 1.34 case (i.e., Case 9).

4.5Results andDiscussion

In the first section, the effect of using different coupling strategies is addressed. The main
simulation results (sediment transport rate and friction factor) are presented using two different
coupling methods. The next section presents the representative particle (RP) model as a less
expensive method for making simulations witHaage numberof particles. The RP model
predictions of sediment transport and friction factor are compared to unscaleatisinsuhnd the
corresponding reduction in computational time is discussed. The effect of turbulent events on

particle entrainment is discussed in the third section.

4.5.1 Effect of coupling strategy

The simulation experiments were done using two coupling strategies. In one method only the
source terms from drag are fed back to the momentum equations while in the second approach
both phases are coupled by drag forces (as source terms) and voiddradi®oalculated average

void fractions are used in calculating drag forces in both coupling strategies. In the current work,

the dualgrid-formulation was used in both cases to allow for appropriate averaging of void
fractions and to avoid stability issus . The first method [Mpwrkadapt e

without using the duajrid-formulation. The purpose here is to investigate the differences that
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arisefrom using such an approach compared to the more appropriatevégucoupling. In the
discussions that follow, the first method will be termed partial/reduced coupling whereas the

second method will be termed fbupling.

As stated previously, the simulations were run for 30 s of real time, unless noted otherwise and the
presented results are averaged for the last 10 s. FHgarghows the nodimensional solids
transport rate (Einstein number) vs. the 4timensional shea st r ess ( Shi el doés

the two different coupling strategies, along with results from Schme¢dkle The non

dimensional sediment transpayt is defined asi®° k —— , wherery is the total
volumetric horizontal particle flux (summation of the particle velocity by the particle diameters
for all particles) per unit horizontal area of the bed. The simulation results are cortgp#red
prediction of the MeyePeter and Mulle{123] (MPM) bedload transport equatiom’(

ogoxt* 1° 8)using a critical (entrainment thiesid) shear stresg?() of 0.05[124] and the

EngelundHansen125] formula for total load rf* Loy 8). Cr in the former equation is

the generalized Dareyeisbach friction facto€:= (u/un)?.
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Figure 4.5. Comparison of sediment transport rate results (MPM refers to the Neyer and
Muller (1948) bedload formula, Engeluithnsen refers to the Engelund and Hansen (1967)
total load formula).
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It can be seen that sediment transport usidgiced couplings lower than that predicted iyl
coupling. In the bedloarkgime,the predicted solids flux is in good agreement with the bedload
transport formula. A small transport rate can be obseryed 6x10° or 5.5x10* kg/(m.s) for full
coupling) at the first pat of the bedload transport regime simulations. Although the shear stress
at this point is less than the critical shear strgss (0.021 whereag: ~ 0.05), it does not
necessarily imply zero particle transport. In fact, the small predicted transpo cibse to the
general motion criterion of 4.1x¥tkg/(m.s) set by U. S. Army Corps of Engineers (USACE)
[126] to quantify the sediment transport at tmiiation of particle motion. The slight over
prediction might be due to using a uniform patrticle size instead of a distribution of particle sizes.
The use of uniform patrticle sizes is found to decrease the critical sheafE2i§séccordngly,

the use of a particle size distribution is expected to increase the bed resistance to lho#on

be seen that the transport rate in the suspelo@edregime is less than that predicted by the
EngelundHansen125] formula by roughly 50%. Current predictions are higher than the results
provided by Schmeeckld1] in the bedload regime but are lower in the suspended load regime.
These differences can be attributed to the different drag model used by Schriegckiel the
differences in theoupling

Figure4.6 shows the friction factoE:= (u/up)? plotted versus the corresponding shear velocity
nortdimensionalized with respect to the settling vigloof the particle. It can be seen from the
figure that all friction factor estimates are larger than the Nikraduse friction coefficient for a fully
rough channel with a fixed bed as indicated by the dashed line &= 0.0036). This value

is oltained by using the law of the wall/(:=1/ k.In(30y/k), whereu is the fluid velocityy is the
distance perpendicular to the wadk 0 . iglthe von Karmen constant and the relative roughness
ks=dp). The results show the same trend as that obtained by Schnmdédg¢klet tend to be higher.
Also, the transition in the friction factor as the flow transititrosn the bedload to the suspended

load regime is smoother compared to the abrupt change found by Schnjéglckle
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Figure 4.6. Friction factor, G, vs. normalized shear velocity. The dashed line approximates the
friction factor for a fixed rough wall.

It is shown in the next section that the apparent discontinuity in the friction factor observed in the
current work and in the whrof Schmeeckld41] in transitioning from the bedload to the
suspended load regime is a result of the different static bed heights used in the bedload and
suspeded load flow regimes. The same number of particles, and, hence, bed height across the full

range offlows gives a much smoother distribution@fwith a clear maximum atws~1.

In the bedload regime where a bed surface can be distinguished and the flow above the bed is
essentially single phase, both coupled and partially coupled calculations give the same results for
the friction factor. Thus, partial coupling can be recommerfdedise in this regime. In the
suspended load regime, however, the difference in the friction factor betwegmnttakcoupling

and the full coupling increases as the flow rate increasescd@hibe explained by the increased
mobility of the particlesn the fully-coupled simulations. The increased mobility is a result of
higher interstitial velocities caused by the blockage imposed by the particles, which is explicitly

included in the fluid momentum equations through the void fraction. The increasddynadb
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particles (indicated as an increase in the particle flux in44g.is associated with less energy
extraction from the fluid, thus resulting in a reduction in the friction fa@oras can be seen in
Fig. 4.6).

4.5.2 Effect of coarse graining

Theuse of the RP model reduces memory usage associated with storage of particle information.
The speedip obtained from using the RP model depends on various fluid, particle, and domain
parameters, and can vary between simulations. For instance, considealthg factor of 2 in

which eight particles are lumped in one representative parcel. The cost of DEM simulations will,
thus, be reduced by a factor of more than 8 due to the reduction in the number of collisions and
the number of ghost particles that dete be processed. The current fully coupled simulation
showed a DEM speeap of 1316 times as compared to the original simulation. The corresponding
overall speedip was found to vary from 5 to as low as 2.5 times. The reduced gpegetecause

the flow calculations do not scale down when using the RP model. For reduced coupling
simulations in the bedload regime (not shown) it was found that the use of the RP model results in
an overall speedp of more than 5 times (DEM speafd 1618 times) (10 timespeed up was
obtained in some cases with reduced coupling). This is because in fully coupled simulations the
DEM part consumes 681% (~75% on average) of the total simulation time, compared %9

in the partial coupling case.

Comparison of results witoriginal sized particles (fully coupled) with those of using a scaling
factor of 2 (eight particles lumped in one representative particle) for transport rate and friction
factor are shown in Figures5 and4.6, respectively. In thesamulationsthe paticle grid in the

duakgrid formulation was the same as that used with the original sized particle (i.e. the particle
grid is mapped to three times the unscaled particle diameter). Good agreement is achieved for
simulations in the bedload regime, howetkee, friction factor is ovepredicted in the suspended

load regime where the representative particle model tends to under predict the transport rate
(Figure4.5). Such a decrease in particle flux indicates that an event that can entraiscatedn

original particle may not be able to entrain lumped particles. The predicted friction factor is higher
in the RP model as a result of less number of particles being suspended and transported in the flow

(see Fig.4.5). This supports the trend followed by the&tion factor with wall shear velocity,
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namely that as more particles are suspended and transported by the flow, the bed resistance

decreases and so does the friction factor.

To confirm whether the abrupt jump @ during thetransitionfrom the bedload regime to the
suspended load regime in Figuté was a result of the different number of particles in the two
sets of simulations, a new set of simulations were performed with 330,024 particles over the whole
range from bed to suspendedd. The RP model was used for these simulations to reduce the
cost. For continuity of results, an additional intermediate point was added between the two regimes
in the RP modelAlso, four additional points were added using the original particle sixens

as deltas in Figd.7), two of them extending from the bed load to the suspended load regime with
115,000 particles, and the other two from the suspended to the bed load using 330,024 particles.
The results are averaged for 5 seconds after runnimtpfgeconds of real time. In all cases, the
results do not show any discontinuity in the friction factor during the transition from bed to
suspended load regime and suggests that the discontinuity in friction factor between the two
regimes in Figuré.6 was a result of comparing two different systems, and that the particle bed
height has a large impact on the calculaedt is also very clear from the trends in all cases that

the friction factor reaches a maximum dftug~ 1.
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Figure 4.7. Comparison of friction factor results when using an equal number of particles in both
regimes using the RP Model.
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This finding can be explained as follows, two different mechanisms are suggested/mentioned for
the extraction of energy fro the fluid by the particles. In the bedlo&djime,the increase in the
friction factor is a result of the energy extracted by the particles with the increase in flow velocity.
This will be the case since most of the particles are stationary and tipottadsediment particles

are moving at low velocities. This negligible collective mobility of the particles together with the
fact that the thickness of the mobilized sediment layer will increase with an increase of flowrate
leads to an increase in thectron factor in the bedload regime. The increased mobilization of the
sediment layer is eesultof particles hoping on the particle bed and the additional penetration of
the fluid into the bed, whictesults in morgarticles interacting with the fluichd extracting more
energy from the fluid. At somstage the fluid mobilizes the full bed, maximizing the extracted
energy. At this time the impact of increasing the flow velocity will be to increase the particle
velocity, decreasing particle drag as auleand extracting less energy from the fluid. The latter
mechanism dominates the behavior of the friction factor as the particles become suspended in the
flow resulting in a decrease in the friction factor. A competition between the mechanisms
determinesvhether the friction factor increases or decreases. The current simukitmmthat

this condition is more likely to happen when the shear velocity is about the same as the free fall
velocity of the particlesThus, it can be concluded that the maximfustion coefficient occurs at

the transition from bedload to suspended load.

Figures4.8 and4.9 present the averaged particle velocity along with the concentration for bedload
and suspended load simulations, respectively. The averaged properties phevedace domain
averaged for a slab with a thickness equal to a particle diameter. The solids fraction in the bed is
near the maximum packing fraction of spheres at around 0.74 in the bedload simulations when the
bed is mostly stationary. This value ighér than a random close packing value of 0.634 because

of the fact that up to 10% overlap may take place with the use of soft stiffness along with the fact
that the whole volume of the particle is considered in the same computational cell at which the
certroid of the patrticle is located. The particle velocities show that the top layer of particles starts
accelerating almost parallel to the bed as the particles become mobile bEtw€ed21 tot "~

0.061. As the flow rate increases, particles start diffusnto the fluid by up to four particle
diameters. The maximum average solids velocity is about twice the friction velocity. The

suspended load simulations show similar trends with the particles reaching higher peak velocities.
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The suspended particles nmore rigorously with the fluid, and consequently some of the particles

are lifted to the full channel height at the extreme case teStedL(58).

0.2w'”“Wl"”””lHHWIHH”lH‘”T' [
Re. ~ 584 - 1
| ———— Re.~998 | |
I Re, ~ 1346 I ]
L] pp— Re, ~ 1762 [ ]
Re,~ 2170 - 1
= ) i |
=, 0.1 i 7
0.05 | -
O el el ol il \: S NI |

10°10° 104103 102 101 10° 0 05 1 1.5 2 2.5

C Up/Us

Figure 4.8. Domain averaged sediment properties for bedload simulak&tsolid fraction of
particles, right; solids velocity.
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4.5.3 Entrainment of particles

It is quite well established that turbulent bursts and sweeps are the primary mechanisms of
transport and generation of turbulent shear stress in the inner boundarjelayet28, 129]To

get more insight into the role of these turbulent events in particle entrainment, the instantaneous
stream wise and vertical fluctuating velocity components are recorded at a location just above the
bed surface (probe locatedrBn from the bottom boundary). The probe is located above the bed
and no lag between the fluid signal and particle transport is assumed. The corresponding particle
flux and number of particles is measuieda control volume with a surface area of 1xicm
surrounding the probe location and starting from a height which is 3 particle diameters above the
bed. A bedload case witf~ 0.021(near critical shear stress) was selected where a 5 s time period

was considere(ll0-15 s).

Figure 4.10 shows the probe Meity fluctuation signal over 5 s along with the corresponding
average particle velocity in the control volunnedndv éare the turbulent velocity fluctuations in

the streamwise %, direction , and vertical, directions, respectively). The numberpafrticles

inside the control volume indicates whether the increase in particle average velocity is because of
the increase in theumberof particles (possible rush of entrained particles with high speed from

a neighboring event) or due to a current lamaént. Regions afignificantincrease in average
particle velocity with amlmostconstant number of particles in the control volume are highlighted

in the figure.

In the period 0.20.5 s, a series of successive sweepé 0,v & 0) and ejectionsu( & 0,v & 0)

take place with fluctuating fluid velocity components more than double the friction velocity. A
relatively weak outward interaction (& 0,v & 0) might be responsible for particles entrained at

time ~1.1 s. The probe location experiences a long and strong sweep from 2 s to 2.3 s. This event
mobilizes particles, increasing the particle flux. The number of particles in the monitored volume
beforethis event indicates that most of the particles are embedded within the bed and are harder
to dislodge compared to unsheltered particles. Some of the mobilized particles slow down and
possibly settle as the sweep passes as can be seen-a®& s. Thiscan be inferred from the
decrease in the average particle flux at an alm@sstant numbeof particles. An ejection event
following the strong sweep is capable of maintaining a certain amount of flux before the sweep

event following at ~ 2.7 s causeanother increase in the particle flux. Other instances at which
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ejections are associated with an increase in the particle flux can be seen at times 3.3 s and ~3.8 s.
Similarly, a sweep at 2.7 s and ejections at times 1.5, 3.3 and 3.8 s seem to be fedjponsib
particle entrainment. The findings are in agreement with results of Heathershaw andT8ddpne

and Nelson et a]97] where sweep and ejections are more frequent events and occupy most of the

time spectrum.

u'/uq
u/uq

006 A ) L I E | y Tttt 7 T T et T T 7 =T ™1 T 1,625
| Particle flux
0.04 [ B # of particle

. 11,600

# of particle

\\"A ‘ ¢’
L 1 ! i 1 1 1 1 1 1 575
0 0.5 1 1.5 2 25 3 3.5 4 4.5 57

Time (s)

Figure 4.10. Instantaneous particles stream wise velocity and fluid fluctuations<f@.021.

A quadrant analysis of the signal is provided in Bi@1l where the events are colored by their
corresponding normalized average sediment transport (divided byn#éixéamum value of
transport). A quantitative summary of thercentagef sediment entrained by each event and the
percentage of time occupied by each event are listed in Fablélso provided is a measure of
the integrated sediment transport per evertahle 44. The listed measure is the ratio between
the percentages of the sediment transport (first row in Tab)eto the percentage of the event

time (second row). It can be seen that sweeps and ejections are the most frequent events as
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compared to iward and outward interactions. Unlike the findingsHefathershaw and Thorne

[130], however, ejections in the current analysis are found to contribute almodly expualo

sweeps to the entrainment of particles. Ejections were considered to be less effective in sediment
transport as compared to sweeps and outward intera¢ddnd 30] but they were found to be
dominating mechanisms for sediment transport by other investigag8if It can beseen from

Table 4.4 that sweeps entrain the largest amount of sediment because of the high frequency at
which they occur. This conclusion is in agreement with the finding of Nelson[87hlThe role

of outward interactions (ud6 > 0, v > 0) and
collectively less influential to particle entrainment ohcause they are less frequent. As can be
seen from the colecoding in Fig.4.11, some instances of particle flux recorded for outward
interactions seem to be close to the maximum entrained particle flux. The current results suggest
that the entrainmerf particles can be related to turbulent events which are basically large forces
appliedfor short times (impulse). This would be in agreement with the hypothesis of the role of
impulse in particle entrainment as suggested by Diplas ¢7@l.and Dwivedi et al[132]

compared to the traditional criterion of averaged shear stress and velocity.

Ejection

QOutward interaction

Inward interaction 4

Figure 4.11. Qualrant analysis of the flow signal above the bed fer0.021.
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Table 4.4. Quantitative analysis of particle movement and fluid signal.

Event Outward Ejection Inward Sweep
interaction interaction

% sediment transport 19 29 14 38

% event time 16 27 15 42

A measureof integrated
sediment transpot 116 109 93.3 90.6
during theevent

4.6Conclusions

In the current work, Computational Fluid Dynamics (CFD) was coupled with the Discrete Element
Method (DEM) to simulate sedimetransport in a turbulent open channel flow. Combining the
DEM with LES poses contradictory requirements of a fine fluid grid to resolve small scale
turbulent structures versus DEM requirements of a grid larger than the particle size for proper
volume averging to avoid neadiscrete jumps in the void fraction field. To bypass this challenge,

past work has used reduced or partial coupling between the continuous and dispersed phases. In
the current work, a dudgrid formulation was usetb allow for full fourway coupling. The

differences between simulation results using partial and full coupling medhegisen.

The predicted sedimenmtnsport ratevas in good agreement with empirical bed load fornaud

showed a correct dependency in the suspetaatiregime. Transport rate predictedby using

partial couplingshowed good agreement with falbupling in the bedload regime, bumder

prediced transport in the suspended load regime. Tibioh factorwas found tancreasen the

bedload regimeeachinga maximum when the friction velocity equaled the settialgcity, and
thendecreasén thesuspendedbad regime The maximum resistance to flothus takesplace in

the transition from the bedload to the suspended load regime. This is because of the competition
between the increase in the energy extracted by the stationary sediment particles and the decrease
in energy extracted by the suspended particldstiwit increasen flow energy.

A representative particle model with a scaling factor of 2 showed good performance in the bedload
regime. The DEM was found to be aboutI®times faster than the original-snaled system.
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The overall speedp of the modelhowever, depended greatly on the ratio of time spent in DEM
versus the fluid calculation and the overall spgpdanged from less than 3 to more than 6 times

the unscaled simulation.

Finally, the information obtained from the simulation was used to igaight into the process of
particle entrainment. Particle entrainment happens in streaks along the length of the bed which is,
gualitatively, in agreement with experimefgsy., 133] Both turbulent sweeps and ejections were
found to collectively contribute more to the entrainment of particles because of their frequency of
occurrence. On the other hand, outward interactions produce the same or possibly larger

entmainment of particles but are less frequent.
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5.1Abstract

The current work presents a sensitistydy of selected numerical parameters on the-DE®I
predictions of sediment transport in a unidirectional open turbulent channel. The sensitivity of the
particle friction factor, restitution coefficient and spring stiffness used in the soft sphes@nolli
model are tested in the three regimes of sediment transport comprising of essentially no motion,
bedload, and suspended lo#iow regimes. The simulations are run for 10 s using+vahges of

the parameters of interest (reference calculation),dherparameter is changed at a time and the
corresponding change in quantitative result is observed for the following 15 s where averaged
results in the last 10 s are compared to the reference calculation. The sensitivity analysis shows
that the undepredcted sediment transport in the suspended load regime can be bridged by
moderately decreasing the friction factor of the particles from 0.6 to 0.25. The impact of the same
change in bedbad regime is not as significant. Both the coefficient of restitugimhthe particle

stiffnessshowless significant to negligible impact as compared to the friction factor.

5.2 Introduction

Simulation of sediment transport includes prediction of the fluid flow as well as particulate matter.
Researchers are mostly interestetivo aspects; the condition at which the sediment particles are
set in motion (theritical conditionor incipience of motion threshgldand the transport rate of

the sediment particles. Maexperimental and theoretical efforts have been conductedydhen

past several decades to determine the condition of incipient motion and the sediment transport rate.
Both parameters are challenging to predict not only due to the involvement of the turbulence in
the application, but also due to the many paramétatscan affect them. To mention some, the
variability of particle shape and size along with the presence of adhesion forces can affect the
incipience of particle motion. Many criteria and methods are suggested and used to predict both
guantities rangingrébm probabilistic or stochastic to deterministic approadh8d, 135] An
extensive review of thmethods used in the estimation of both parameters is beyond the scope of
this paper. The readers are referred to the wofk3#] for a revew of the most commonly used
criteria for incipience of motion and {69] for areview of the most commonly used sediment
transport formuds along with theirange of applicability

Two numerical approaches are used to study sediment transport, the Htldeiaan approach,

and the Euleriashagrangin approach. In the first method, both the fluid and godictinuous and
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dispersed phaseaje modelled using Eulerian descriptions whbedNavierStokes equations are
solved for each phase (thus it is also known as the-Hlwid Model @ TFM). This technique
requires additional cl osure model scotunbforthe t i mat
collisions between the particles. On the other hand in the Euleagrangian approach the fluid

is solved using volume averaged Nav&tokes Equatiorj20] while the dispersed phase is
modeled by tracking the individual motion of the particles by solving their equation of motion.
Forces on the particles can be directly calculated by integrating over the surface ofithespa
(known as resolved flow simulations). This procedure requires a fluid grid that is at least one order
of magnitude smaller than the particle diameter which is impractical for systems of particles that
include large number of particles or requiréegration for long times. Alternatively, a less
expensive method is to approximate the particles as point masses and estimating the forces acting
on the particles (known as CHDEM or Computational Fluid Dynamics coupled to Discrete
Element Method or DEM).

Although TFM is appealing since it is computationally less expensive thanDERD it is
problematic in several aspects such as handling pawvtallecollisions and simulating particles

with significant size or shape distributiofs8]. The EulerianLagrargian approach is generally
more accurate and &the ability to account for several realistic behavioangarticulate systems.

The application of th&ulerianLagrangian description is however restricted by the number of
particles that can be simulatedp to millions of particles were simulated using efficient
parallelization techniques using CHIEM using large number of processfi8, 111, 137]n the
following paragraphs previous Eulerihagrangian models which were employedsimulating
sediment transport are discussed.

Various EulerianLagrangianmodeling methodsrange from modeling the fluid with twe
dimensional moving slal§85, 86} advecting aneasured transient fluid velociypove the bed of
particlesto drive the particles motioi38, 95] or using an averaged velocity prof{@7]. These
methods accounfor the change irfluid velocity caused bylocal momentum exchange with
particles, or between fluid laye Qualitativeand quantitative agreement is reported by using these
aforementionednodels More recently,the Lagrangian description of the particl€Biscrete
Element Method or DEMhas been coupled tReynoldsAveraged Naier-Stokes RANS),
LargeEddy SimulationI(ES) or Direct Numerical SimulatiorgNS) Eulerian descriptions of the

fluid to simulate different applications related to sediment tran$pbr90, 138]
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One of the important components of dense particle systems such as that encountered in
sedimentation transport is modelling collisions between particles. Colfiai@meters used the
framework of the soft sphere mod22] such as restitution coefficient, spring stiffness and friction
factor, however, have a degree of uncertainty associated withvéheas Mostly a single value

is used even when measurensafiowdependencyf the parametsron experimental conditions.

For example, researchef439, 140]have measured various values for tféective normal
coefficient of restitution of grains colliding within a range of-0.6 with the lower restitution
coefficiens measuredat higher shear rates. Experimental measurements Gagtdegt, [66]

showed that the coefficient of restitution can be presented as a function of the Stylaas
number (defined as$t= rpUimpact do/(9m)where rp is the particle densityd, is the particle
diameter UimpactiS the impact velocity of the particle on the wall am$ the kinematic viscosity

of the fluid) and found that collisions are viscously damped if the impact Stokes number is less
than 10. Similarly measured friction coefficients showaiation from 0.250.73 [140].
Moreover, the spring constant used in the soft sphere model has a direct impact on the allowable
particle time ste usinga lower spring constant increases tmemericalcollision timeallowing

larger time steps (hence can simulate longer physical times fastkisthus desirable. [EM
simulations have been shown to be quite insensitive to the value of the spring constant in energy

systemsn the absence of adhesion foftd1].

Different conclusions areeported in the literature regarding the sensitivity of the numerical
parametersised. For instanceaests with restitution coefficier(e) using three different values
(e=0.15, 0.3, and 0.6for a particle diameter of around 1mm) showed the same statistically
averaged resultf98, 142] Heald et al[143] on the other hand, showed some dependency on
restitution coefficient at low transport rate three values of restitution coefficients of 0.3,0.5,
and 0.7. While Jiang and HgB5] reported some dependency on the friction factor, Drake and
Calantoni[86] found that the friction factor is insignificant provided that it has azeo value.

As for particle stiffness, Jiang and HE6] found similar hop patterns of the particle when they
changed the particles stiffneby two orders of magnitude, showing its robustness. A similar
conclusion was reached by Drake and Calar{@8li where only negligible changes were found
when the particle stiffness was changed by orders of magnitude while maintimagimum

overlap of less than 0.5 % of the particle diameter.
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From the former discussion it can be concluded that variation or uncertainty of physical properties
exist. When simulating natural phenomena, however, these variations may not be faithfully
accounted for in many Euleriglmagrangian descriptions. Conflicting conclusions regarding the
sensitivity of some parameters is found in the literature and can be because of using different
formulations or testing different systenf$ie currentwork investgates the sensitivity of critical
parameters used in CHDEM simulatiors of sediment transport in various flow regimes in

comparison to reported work in the literature.

5.3Governing equations

An Eulerian Lagrangian approachhich involves tracking thandividual motion of each particle
is employed in the current warkhe carrier phase is modeled usihgvolume averaged Navier
Stokes equations derived by Anderson and JackXjrfor multiphase flowsDiscrete particles
are treated asgmt-mas®s and suitablérce expressions are used to account for fpadicle
interactions. The current implementation of thetowous phase is governed by ModBlof

Gidaspow[21] in which the pressure drop is accounted for only by the fluid:

" w6 n (5.1)
T o0

L% g aw m w-f e ?ﬁ— e (52

Where-i hahfand®  are thevoid fraction, density, fluid interstitial velocityluctuating
pressure, viscous stress and drag fdumeto the presence of particlesspectivelyN, represents
the number of particles in each computational esltl Vcen represents the volume of the

computational cellThe shear stress tensor is written as:
f ¢ | (5.3)

wherethe subgrigscale turbulent viscositygis calculated using the dynamic Smagorinsky model
[26]. The lastbut oneterm on theight-handside (RHS) of Eq(5.2) accounts for the interaction
forces betweethedispersed phase and the continuous fluid pf@sesource term)The source
terms from the drag fordegether with the void fraction fully couples the fluid equations with the
dispersed phase. To simulate a stream wise periodic channel flosampressure gradient is

applied to the streamwise momentuquation to drive the flowThe flow-driving term is the last
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term on the right hand side where the flow is in thdirection in Eq. $.2),1 YO 70 where
[Py is the pressure drop in thedkrection and.x is the length of the domain in thedirection.The
flowrate adjusts as it developstil the losses in the domain are balanced by the applied pressure

drop. More details on the turbulent fluid flow sohagedescribed irf105].

The path of each particle is predicted by the integration of its equation of motion resulting from
the application of Newtonds | aw -ooftinumodffecsn. Ne
or rotating reference frames, or wetiness of the particle or the flow field, the equations of
motion of particles interacting with other particlesarfacesan be exprgsed as

a % AT VI ) L2° (54)
The history force is expensive to calculate for simulations with large number of particles integrated
for a long time since it typically requires the storage and use of relative velocity information
throughout the lifedime of the particl¢144]. The use of recently developed less expensive models
[29, 109]was not considered in the current work. Based on thenfindi experimental and
numerical worl66] the activation of drag only gives better prediction compared to simulations in
which part of the unsteady forces are considered (i.e. activation of added mass but not the history
forces). The equation of motion in the rotational direction is expressed as

O ¥ (5.5)
o

wheremy, I, and u, are the particleds mass, mass mo me
respectivelyFp coi, andTp con Stand for the force and torque resulting from the particle collisions
with walls or with each other. The drag force represents the particle fluid interaction and is defined
as

k2 T—w ® b (5.6)

-p -

Whereg hwhband ® are the momentum exchange coefficient, the particle volume, the average
fluid velocity, and the particle velocity, respectively. The momentum exchange coefficient was
calculated using a combination between Ergun formula for dense particle concentrativieran

and Yu for dilute mixture§21]. The soft sphere collision model is used to account for multiple
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interactions occurring at the same time whsgiredominant in dense particle systems. The contact
force in the soft sphere model isamposed into a normal force component and a tangential force
component. The contact force components in the normal and tangential direction to the collision
plane areexpressed as
D WP - bj (5.7)
TP —by QUEID QD
QY MMETD® QO

R 2) (5.9

where;k, d , andf above are the spring constant, particle contact displacement, coefficient of
viscous dissipation, and friction coefficient, respectively. In the above equabignandw j are

the normal and tangential component of the particle velocity. For more details about the soft sphere
collision model, the reader is referred[18, 22] A semtimplicit fractional step method is used

to solve the flow field on a nestaggered finitasolume grid. The flow field is advanced in time

using calculated void fractions and drag forces from the previous time step. A particle grid is
mapped over the fluid fine grid to el for appropriate volume averaging of void fraction and
avoid stability issues. The particles are advanced in time using an explicit Euler method. For
detailed description about the numerical algorithm and the coupling between the two phases, the
reader $ referred t¢18].

5.4Simulation Details

The simulatios areperformed in a turbulent open channel flow (FighrE for medium
sand in waterMono-sized spherical particles (no variations in particle diameter) with a diameter
of 0.5 mm and desity of 2650 kg/mareused for all simulationsA velocity slip conditon on the
top boundary and a ralip condition on the bottom wall are imposed. The flow is periodic in both
streamwise and spawise directions. All the simulations were run idamain of 0.12x0.06x0.04
m divided into 120, 60, 65 cells in the streanse (), crossstream £) and vertical directionyj,
respectively. The grid is uniformly spaced in both streg@se and spawise directions. The
vertical spacing is 0.2 mm in sizerfthe first 20 grid cells above the bottom wall which is then
gradually increased in size towards the top bounddrg.near wall grid size, hence the resolved
turbulent structures, are smaller or on the order of the particle diameter. Structuresz# die s

the particle (and larger) are more influential to its mof&8]. The domain was decomposed into
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16 blocks and the simulation was parallelized using Message Passing Interface (MPI). The number

of particles simulated in each block is almost the sareagare load balance between processors.

Ten numerical experiments where conducted conmmgrisf 5 simulations in the beldad regime

and 5 simulations in the suspended load regime. Thdoedregime is characterized by the
motion of the particles alortge bed surface by rolling and sliding whereas in the suspended load
regime particles can be supported féoreg timein the flow. It is well accepted that the transition
between the two regimes occurs when the ratio of the shear velotity the seting velocity of

the particles i) is around unity. Simulations that cover the tead regimes were performed

using 115,728 particles whereas simulations in the suspéoaédegime were performed with
330,028 particlesThis was driven by the expensivature of the calculations and the relative

static nature of the bed in the bed load regime, not requiring as many particles as the suspended
load regime in which the particles are lifted from the bed. The numerical parameters for the

different simulatios are listed in Tablb.1.

8
7
6
5
4
3
2
1
0

Figure 5.1. Computational Domain (flow is in the positivedkection), particles (shown to
scale) are colorized with respect to their velocity normalized by the friction velocity.
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Table 5.1. Simulation parameters for different cases.

case Bedload Suspended load
1 2 3 4 5 6 7 8 9 10
(rlrJ1t/s) 0.013 | 0.0222| 0.03 | 0.0392| 0.0483| 0.0618| 0.0753| 0.0835| 0.0944| 0.113

Re 584 998 | 1346 | 1762 | 2170 | 3382 | 3754 | 4240 | 4680 | 5080
t" ]0.0209| 0.061| 0.111| 0.19 | 0.288| 0.7 | 0.862| 1.1 1.34 | 1.558
u/ w 0.239| 0.384 | 0.526 | 0.696 | 0.848| 1.31 | 146 | 164 | 1.82 | 1.97

Re, | 7,820 | 1,1847| 15,160]| 18,476| 22,286| 29,712| 33,466| 39,141| 46,321| 53,116

The size of the neawall grid used is 0.2 mm, which for the range of flow conditions considered

in this study corresponds By* ranging between ~ 3 and 25 fortRe584 and 5080, respectively.

To verify the adequacy of the baseline grid used, two fimier calculations are performed for
Ra=5080, the highest Reynolds number in this study (see TabjeWhile all calculations
presented in this paper use full coupling between the particles and the fluid flow (inclusion of
particle effects through wfraction and drag term in Ecb.1 and5.2), the grid dependency study
used partial coupling in which the effect of particles is fed back to the momentum equations only
through the drag term. This results in slight uAplediction of sediment flux and flo rate
compared to the fully coupled calculatigigl5] but should have an impact on the conclusions
made from the grid dependency stulinthe firstlevel finer grid thenumber of cellsn the stream

wise direction was kept theame as the baseline grid, whereas the number of cells in both the
crossstream and vertical directions were increased to 150, resulting in a grid 5.8 times larger than
the baseline grid. The newasmall grid size was reduced by a factor of 4 in the firstr2 above the
bottom wall (thuDy* ~6 atRe=5080). In the seconrkvel refinement, the streamwise cells were
increased to 150 whereas the number of cells in the vertical direction was increased to 250, giving
a grid (15&150x250) which is 12 times finethan the baseline grid. The near wall cells were
refined by a factor of 2 compared to the finer grid (8 times compared to thérneagead in the

first 2 mm above the bottom wall). Tali€ shows the results of the grid study with corresponding
cell sizs in the x, z, and y directions in terms of percentage difference from the finest grid level
which is considered the true solution. Both finer grid results are averaged for 10 s after running
the simulation for 10 s of real time. The baseline grid hemr=i0f-13.7% and 0.11% in the

sediment flux and mean velocity, respectively with respect to the finest grid. Whereas the finer
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grid has errors of 7.9 % an#.8%. While no clear convergence trend is noticed, the sediment flux
seems to be the most sengtito the change in grid resolution but is bounded within +15%,
whereas the mean velocity is less sensitive to the grid resolution. Based on these results, we have
used the baseline grid for all the calculations presented. This admits to an uncertalfooh

the calculation of sediment flux noting that the sediment flux varies over four orders of magnitude
going from the bed load to the suspended load regimes. The base grid resolves the structures that
impact sediment transport, however, an even fgrg may result in producing more turbulent
structures that can entrain more particles. The use of finer grid, however, adds significant
computational cost. It is reasoned that the grid can be coarsened but not to exceed the order of the
particle size to llow for faster estimates of the sediment transport with reasonable accuracy. It
should be emphasised that due to the chaotic nature of the problem, empirical formulas that
estimate the sediment transport have notable differences even in Hoatedgine [69].

Table 5.2. Comparison of baseline grid results with fine grid results for most energetic
suspended loasimulation using partial coupling

Baseline grid | Difference” % Fine grid Difference” % | Finest Grid
cells 468,000 ~ 2,700,000 ~ 5,625,000
(120x60x65) (120x150x150) (150x150%250)

ur (M/s) 0.113 - 0.113 - 0.113
Re 5,080 -- 5,080 -- 5,080
t” 1.58 -- 1.58 -- 1.58
q 10.95 -13.7 % 13.68 7.9 % 12.68
Up(M/s) 1.104 0.11% 1.0721 -2.8% 1.103

™ (grid resultfinestgrid result)/(finet grid result)

Figure5.2 shows the location of the computational experiments on the Shields diagram (red line
shows Br o[h2i]) aloegéwith cfiteria for the transition to suspended flow by van Rijn
[146] and Bagnold147]. It can be seen thatl suspended load experiments have shear stresses
higher than Bagnoldriterion for initiation of suspensiofi46]. For the current work, only three
simulations are considered for further investigation (indicated in FigAjeThese are indicated

in Table5.1 by a bold font. Theiswulation parameters pertaining tbhe referenceparticle

101



properties are listed in Tabbe3. The particle stiffness was set to an artificially low value to soften

the particles and to increase the tiofieollisions in the application of the soft sphere model. This

technique has been shown not to have much effect on the results with the caveat that the softening

be limited to prevent large unphysical overlap between the spheres in coh@étdf the adius).
In the current work, the fluid time step was set to 5.3%4 @ithin which ten particle time step

are taken.
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Figure 5.2. Location of the computational experiments on the Shields diagram (red line shows
B r o w s fit (1988)) along with criteria for the transition to suspended flow by van Rijn (1984)
and Bagnold (1966). Arrows show the selected cases for the sensitivity.

Table 5.3. Numerical parameters used in the reference calculation

Parameter Value (unit)
Particle diameter 0.5 (mm)
Coefficient of restitution 0.01
Particle density 2650 (kg/m)
Friction coefficient 0.6
Stiffness coefficient 100 (N/m)
Particle time step 5.3x10° (s)
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5.5Results

To investigate the sensitivity in the present framework, three different cases were selected,
£'~0.021, 0.288 and 1.56. The selected caspsesent one case near the threshold of motion,
another at high belbadand one at theost energetic suspendixid simulation (as indicated on
Figureb.2). The bedload simulation with the smallest frictional velocity is theoretically at a shear
stress below that required for particles entrainmieme. simuations were run for 10 s usirmpase
referencevalues of theparameters of interegas indicated in Tabl&.3), thenone numerical
parameter washangedat a timeand the corresponding changethe quantitative resulof both
sediment flux and flowrate aabserved for the followin@5 s. Unless stated otherwiglg results

in the last 10 sare averaged and compared to baalee calculation averages during the same
period. The basealue of the parameters under investigation for the reference case®.8&e
e=0.01, an&k=100 N/m.Two different friction factors, 0.25 and 0.01, were tested. A friction factor

of 0.25 was reported as a lower measured value of natural sediment partidlé8]pfiowever,

lower (or even zero) friction factors are used by researcherg8é,dL01] A nonzero friction

factor of 0.01 was selected to verify the conclusions reportg@bjrthat stated that the friction

factor was insignificant provided that it had a rmero value. Three additional values of the
coefficient of restitution were adapted, 0.1, 0.6 and 1.0. The patrticle stiffness was decreased by
one order of magnitude and increased by one order of magnkat@ énd 1000 N/m). For the

more stiff case the number of particle sibps was increased to 32 (instead of 10) and the same
fluid time step was maintained. The averaged results presented for the stiffness cases are only
averaged for the 5 s after the cbann the stiffness.

Table5.4 presents the averaged main parameters of the reference calculation for the simulation
period from 1525 s. The standard deviation about the mean values of the flow velocity and particle
flux are also indicated in Table 6.4 a percentage of the mean value. The definition of the non
dimensional sediment flug can be found in the nomenclature. It is found that variations-of 10
15% in the particle flux exist even for small changes in the mean flowrate velocity. The variation
of the mean flow velocity is less than 2% in the three calculations which indicates that the balance
between the applied mean pressure gradient and the losses in the domain are in robust equilibrium.
On the other hand, sediment transport is a sensitivatiuand variations less than the standard

deviations shown in Table 4 are considered insignificant in the current sensitivity work.
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Table 5.4. Mean base&alculation parameters with standard deviation for 10 s averaginglperio

t” parameter mean Standard deviation/mean
Sediment transport)() | 4.42x10° 12.3%

0024 Mean flow velocity () | 0.174 0.4%
Sediment transportj() | 0.3944 14.1%

0288 Mean flow velocity (i) | 0.505 1.2%
Sediment transportj() | 15.0637 9.1%

156 Mean flow velocity () | 1.19 0.6%

Figures5.3-5.5 show thetemporalevolution of flow rate and sediment transport as a function of
the simulation parameters for each of three cadestrends are generally the samedibcases
Figure5.3 shows the effect athanging the numerical parametersthe flowrate and particle flux

near entrainment of particles thresh@td~ 0.021) Among all calculations both a friction factor

of 0.01 and a restitution coefficient of 1.0 show an increase inmésn flow velocity. The
corresponding increase in particle flux is more obvious wi01. Both the friction and
restitution coefficient are directly related to the dissipation of the particle energy through
collisions.

Similar conclusions can be seawrh temporal trends at more energetic -l calculation
(Figure5.4 for £~ 0.288). The impact of reducing the friction factor to 0.01 becomes more severe
and the impact of reducing the friction factor to 0.25 on the particle flux exceeds the effect of
assuming an elastic impact with restitution coefficient of 1.0. In the suspended load regime, the
friction factor has a much larger impact on the results. Changing the coefficient of restitution from
0.01to 1.0 also shows some impact which is, howeveas®evere as the friction factor. Although
some averaged results f5r0.01 have not attained a stationary state, a high sensitivity of the

sediment transport and flow rate on the particle friction factor is established.
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Figure 5.3. Effect of changing numerical panaters on a) mean flow velocind b) particle
flux for £'~0.021.

(b)

105



(@)

(b)

Figure 5.4. Effect of changing numerical parameters on a) flowrate and b) particle flux for
£'~0.288 (legend as indicated in Figure 5.3.a).
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