
 

 

Methods Development and Validation for Large Scale 

Simulations of Dense Particulate Flow Systems in CFD-

DEM Framework  

 

Husam A. Elghannay 

 

Dissertation submitted to the faculty of the Virginia Polytechnic Institute and State University in 

partial fulfillment of the requirements for the degree of 

 

Doctor of Philosophy 

In 

Mechanical Engineering 

 

 

Danesh K. Tafti, Chair 

Francine Battaglia 

Mark R. Paul 

Rui Qiao 

Saad A. Ragab 

Madhava Syamlal 

 

February 26, 2018 

Blacksburg, Virginia, USA 

 

  

Keywords: CFD-DEM, Simulation of Particulate Flow Systems, Sediment Transport, 

Representative Particle Model, History Force Modeling, Time Driven Hard Sphere 

 Copyright 2018, Husam A. Elghannay 



    

 

Methods Development and Validation for Large Scale 

Simulations of Dense Particulate Flow Systems in CFD-

DEM Framework  

 

Husam A. Elghannay 

 

ABSTRACT 

 

Computational Fluid Dynamics Coupled to Discrete Element Method (CFD-DEM) is widely used 

in simulating a large variety of particulate flow system. This Eulerian-Lagrangian technique tracks 

all the particles included in the system by the application of point mass models in their equation 

of motion. CFD-DEM is a more accurate (and more expensive) technique compared to an Eulerian-

Eulerian representation. Compared to Particle Resolved Simulations (PRS), CFD-DEM is less 

expensive since it does not require resolving the flow around each particles and thus can be applied 

to larger scale systems. Nevertheless, simulating industrial and natural scale systems is a challenge 

for this numerical technique. This is because the cost of CFD-DEM is proportional to the number 

of particles in the system under consideration. Thus, massively parallel codes are used to tackle 

these problems with the help of supercomputers.  

In this thesis, the CFD-DEM capability in the in-house code Generalized Incompressible Direct 

and Large Eddy Simulation of Turbulence (GenIDLEST) is used to investigate large scale dense 

particulate flow systems. Central to the contributions made by this work are developments to 

reduce the computational cost of CFD-DEM. This includes the development and validation of 

reduced order history force model for use in large scale systems and validation of the representative 

particle 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 particle phases 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 proposed partial-coupling is 

found to have a better convergence 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 the soft-sphere impact model to avoid storing individual 

impact deformation are proposed and tested. A time advancement technique is developed and 

proposed for use in dense particulate systems with a hard-sphere impact model. The new 

advancement technique allows for the use of larger time steps which can speed-up 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 (CFD-DEM) is widely used 

in simulating a large variety of particulate flow system. Nevertheless, simulating industrial and 

natural scale systems is a challenge for this numerical technique. This is because the cost of CFD-

DEM is proportional to the number of particles in the system under consideration. The current 

work aims to provide alternative efficient models that can reduce the computational requirement 

of CFD-DEM. This includes reducing the computational time to run the calculation, reducing the 

memory requirement, or providing an alternative method to get reasonably accurate predictions 

when the proper implementation fails to converge.  

Different elements of CFD-DEM were targeted in the current 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 agreement was 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 time and memory resources opens the 

door for using the proposed models in applications with large dense systems of particles where 

other models become impractical to use.  
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Chapter 1 

Introduction 

 

Two-approaches are commonly used to study granular/particulate flows, namely the Eulerian-

Eulerian description (or the two-fluid-model, TFM) and the Eulerian-Lagrangian approach. In 

TFM both the carrier and disperse phases are treated as two interpenetrating continuous phases 

while Newtonôs second law is used in the Eulerian-Lagrangian approach to solve the motion of 

individual particles. There are two paths that can be used in Eulerian-Lagrangian description, in 

one method the flow around each particle is resolved (Particle Resolved Simulations or PRS) and 

the fluid-particle forces can be calculated by integrating fluid forces on the particle surface. In the 

second approach, force models are used to account for the various fluid forces acting on the particle 

(point mass approach). When applied to dense particulate flow systems, this approach is known as 

Computational Fluid Dynamics Coupled to Discrete Element Method (CFD-DEM). CFD-DEM is 

widely used in simulating a large variety of particulate flow systems. This Eulerian-Lagrangian 

technique tracks all the particles in the system by the application of point mass models in their 

equation of motion. CFD-DEM is a more accurate (and more expensive) technique compared to 

Eulerian-Eulerian representation. Compared to PRS, CFD-DEM is less expensive since it does not 

require resolving the flow around each particle and thus can be applied to large scale flow systems. 

Nevertheless, simulating industrial and natural scale systems is a challenge for this numerical 

capability. This is because the cost of CFD-DEM is proportional to the number of particles in the 

system under consideration. Massively parallel codes are used to tackle these problems with the 

help of supercomputers.  

In this work, the CFD-DEM capability in the in-house code Generalized Incompressible Direct 

and Large Eddy Simulation of Turbulence (GenIDLEST) is used to investigate large scale dense 

particulate flow systems. The existing implementation was first further validated in the small scale 

blind challenge problem [1]. The blind test was setup by National Energy and Technology 

Laboratory (NETL) to validate multiphase flow solvers. Good to reasonable agreement was 
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achieved by comparing different parameters of interest to the experimental measurements at 

various operating conditions.  

Different numerical techniques that can reduce the cost of the calculation (time and/or memory 

requirements) are proposed and validated. Five different aspects of CFD-DEM formed the topics 

of the current research: reducing the cost of CFD-DEM 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 between the disperse 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 soft-sphere collision frame work that eliminate the need to store contact information 

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

driven hard-sphere based dense flow simulations. 

Lumping particles in representative particles or clouds (known as coarse graining) can help in 

saving the computational time at the expense of some accuracy. Representative particle model 

(RPM) was implemented in the in-house code and code-to-code comparisons were made to 

validate the implementation. The numerical approach itself 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 systems when the particle/fluid density ratio is not very large the history force can be 

significant and cannot be neglected. Typical calculation of this force requires storing and using the 

information of the particles throughout the whole simulation or at least store hundreds or thousands 

of previous/most-recent time steps. A reduced order model for the calculation of history force is 

developed and validated in this work for use in simulations where large number of particles are 

integrated over long times.  

Energetic flow systems can show difficult convergence behavior (or fail to converge) which may 

require a reduction of the degree of coupling between the continuous and dispersed phases. This 

challenge was encountered in sediment transport simulations in turbulent open channel. The effects 

of full and reduced coupling, using representative particle model and sensitivity of the different 

numerical parameters were investigated. Results pertaining to sediment transport in different flow 
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regimes and channel roughness were compared to empirical formulas and published work that use 

reduced coupling. Moreover, insights into the behavior of channel friction factor and the role of 

turbulent structures on particle motion were gained. In light of these studies a modification of the 

reduced coupling was proposed and tested. The revised partial coupling showed improved 

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

The soft-sphere impact model is typically used with DEM to resolve collisions. 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 particle-level experiments 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 suggested for use without the need to store contact information. The suggested methods are 

tested in particle-level experiments and found to provide good to reasonable agreement with 

experiments. 

Lastly, a time driven advancement technique is proposed for use with hard sphere impact model 

for dense particle flow systems. The advancement technique along with the accompanying 

parallelization method are presented and tested. A physics-based impact model in which the 

coefficient of restitution is a function of the material properties and impact velocity is implemented 

and used in the current work. The 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 

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

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

¶ Development and validation of a reduced order history force model: The calculation of the 

history force typically requires storing and using relative velocity information during the 

life time of the particle. For a large number of particles integrated over long times, history 

force calculation can become prohibitively expensive. The current work presents a new 

modeling approach to calculate the history force in which a decay function is applied to a 

stored cumulative value of the history force. The model shows very good agreement with 

the experiments of settling spheres and reasonable/good agreement with oscillating and 
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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 using reduced/partial coupling on the simulations of the 

sediment transport in open turbulent channel flow: In this work, a fully-coupled 

Computational Fluid Dynamics (CFD) model and Discrete Element Method (DEM) are 

used to simulate a unidirectional turbulent open-channel flow over the full range of 

sediment transport regimes. The fluid and particles are computed on separate grids using a 

dual-grid formulation to maintain consistency and avoid instability issues. The results of 

coupling the dispersed phase to a multiphase flow solver that uses volume-averaged 

Navier-Stokes equations are compared to those obtained from coupling through drag to a 

single phase flow solver. The simulation results of sediment transport from both coupling 

techniques show good agreement with empirical formulas in the bedload regime, but under-

predict sediment transport in the suspended load regime. In the suspended load regime, 

using partial coupling, the rate of sediment transport was found to be under-predicted as 

compared to full-coupling. A sensitivity analysis was conducted and showed that 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 

change in bed-load regime is not as significant. Both the coefficient of restitution and the 

particle stiffness show less significant to negligible impact as compared to the friction 

factor. Investigating the outcome of the difference between the full coupling and the base 

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 governing equations. 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 fully-coupled simulations while reducing the fluid calculation time 

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

¶ Development of alternative tangential treatment for soft-sphere collision models: The 

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 
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tangential direction. Existing models require storing the cumulative tangential deformation 

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 D).  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 tangential deformation in model A validates both 

experiments. In Model C, the tangential displacement is approximated as the product of 

the characteristic time of collision with the instantaneous particle tangential velocity. In 

Model D, the instantaneous ratio of the tangential to normal impulse is used to characterize 

the impact according to Maw et al.ôs [2] analysis. It is shown that both models give 

reasonably good predictions in the two test cases with the quality of predictions as good or 

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

¶ Comparison of physics based hard-sphere model with the soft sphere model. The 

application of a three dimensional physics-based hard-sphere impact model 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 post-collision velocities is developed and validated. Also developed 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 three-dimensional settling of a 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 0.98. The model is 

validated in a bubbling fluidized bed and shows no discernable differences with the soft 

sphere model but at a computational cost about 23 times less than that of the soft sphere 

model. The model is used to investigate particle agglomeration in a turbulent ribbed duct 

flow using LES for particles of size 1 mm and 20 mm. It was found that the 20 mm particles 

were more prone to agglomerate in regions of low velocity at the upstream and downstream 

corners of the rib-wall junction. The hard sphere model enabled time steps an order of 

magnitude larger than that permissible for the soft sphere model which resulted in speedups 

of up to 20 times. 
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The structure of the thesis is as follows, Chapter 2 presents the blind predictions of our in-house 

code GenIDLEST (Generalized Incompressible Direct Large Eddy Simulation for Turbulence) to 

the small scale challenge problem (SSCP-I) set by NETL (National Energy and Technology Lab.) 

of the DOE (Department of Energy) to provide additional validation for the CFD-DEM 

implementation.  The development and validation of a reduced order history force model is 

presented in Chapter 3. The application of fully coupled CFD-DEM simulations to the sediment 

transport in a unidirectional open turbulent channel is presented in Chapter 4 with comparisons to 

empirical formulas and concluding remarks on the entrainment of particles. The 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 for soft-sphere collision 

model. The application of a physics based hard sphere impact model to dense particulate flow 

systems and the introduction of a new time advancement technique for the hard sphere model is 

presented in Chapter 8. Finally, summary and concluding remarks are provided in Chapter 9.  

Validation and evaluation of the implementation of coarse graining method using the 

representative particle model along with methods suggested to improve the accuracy of the 

representative particle model predictions are provided in Appendices A and B. 

The work resulted in the following peer-reviewed journal publications: 

¶ Elghannay, Husam A., and Danesh K. Tafti. ñDevelopment and validation of a reduced 

order history force model.ò International Journal of Multiphase Flow 85 (2016): 284-297. 

¶ Elghannay, Husam, and Danesh Tafti. ñLES-DEM simulations of sediment 

transport.ò International Journal of Sediment Research (2017). 

¶ Elghannay, Husam A., and Danesh K. Tafti. ñSensitivity of numerical parameters on DEM 

predictions of sediment transport.ò Particulate Science and Technology (2017): 1-9.  

¶ Yu, Kuahai, Husam A. Elghannay, and Danesh Tafti. ñAn impulse based model for 

spherical particle collisions with sliding and rolling.ò Powder Technology 319 (2017): 102-

116. 

¶ Elghannay, Husam A., and Danesh K. Tafti. ñRevised Partial Coupling for Dense Fluid-

Particulate Systems.ò (submitted to Powder Tech, Sept. 2017).  
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¶ Elghannay, Husam A., and Danesh K. Tafti.  ñAlternate Tangential Impact Treatment for 

the Soft-Sphere Collision Modelò. (submitted to Powder Tech, Jan. 2018). 

¶ Elghannay Husam A., Yu, Kuahai, and Danesh Tafti. ñComparison of a physics based 

hard-sphere model with the soft sphere modelò, (submitted to Powder Tech, Feb. 2018). 

The following conference papers were written and published during this work: 

¶ Elghannay, Husam A., and Danesh K. Tafti. ñDEM Predictions of NETL Small Scale 

Challenge Problem.ò ASME 2014 4th Joint US-European Fluids Engineering Division 

Summer Meeting collocated with the ASME 2014 12th International Conference on 

Nanochannels, Microchannels, and Minichannels. American Society of Mechanical 

Engineers, 2014. 

¶ Elghannay, Husam, Kuahai Yu, and Danesh Tafti. ñOn the Improvement of CFD-DEM 

Coarse Graining Predictions.ò ASME 2016 Fluids Engineering Division Summer Meeting 

collocated with the ASME 2016 Heat Transfer Summer Conference and the ASME 2016 

14th International Conference on Nanochannels, Microchannels, and Minichannels. 

American Society of Mechanical Engineers, 2016. 

¶ Elghannay, Husam A., and Danesh K. Tafti. ñEvaluation of Coarse Graining DEM Using 

Representative Particle Model.ò International Conference on Discrete Element Methods. 

Springer, Singapore, 2016. 

¶ Yu, Kuahai, Husam A. Elghannay, and Danesh Tafti. ñThree dimensional particle-particle 

impact model based on impact force analysisò. The 7th International Conference on 

Discrete Element Methods, Dalian, China, August 1-4, 2016. 
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2.1 Abstract 

The Discrete Element Method (DEM) coupled to Computational Fluid Dynamics (CFD) is used 

to predict dense fluid-particle system in a blind study using the in-house code GenIDLEST 

(Generalized Incompressible Direct and Large Eddy Simulation of Turbulence). The experimental 

measurements were performed at the Department of Energyôs (DOEôs) National Energy 

Technology Laboratory (NETL) at three different superficial velocities in a 0.076m×0.23m×1.22m 

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 

components, 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, quantitative agreement is fair. 

Factors that might cause deviations in predictions are discussed. 

2.2 Introduction  

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

and solid phases.  Two numerical approaches commonly used in simulating dense particle-laden 

flows are the two-fluid model (TFM) and the discrete element method coupled to computational 

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

as two interpenetrating continuous phases while Newtonôs second law is used in the DEM-CFD 

approach to solve the motion of individual particles. Though DEM simulations are more accurate 

and have the ability to numerically account for several realistic behavior in particulate systems [3-

5], TFM is less expensive and can be reasonably applied to many industrial 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 fluctuation, 2D particle image velocimetry (PIV), x-ray 

tomography and Magnetic resonance (MR) [6-9]. 

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 different operation conditions. Results from 

ten groups responding to the first challenge problem were presented at Fluidization VIII in 1995 
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and only three were reported successful. It was concluded that ñModels were not sophisticated 

enough to be used to predict all the hydrodynamics in a circulating fluidized bedò [10, 11].  

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. Thirteen different results from 

different groups were presented at Fluidization X in Beijing, China [12]. 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; ñModels still needed substantial development to be able to 

predict CFB hydrodynamicsò [10, 12]. 

Later in 2010, the third challenge problem was generated by the U.S. Department of energyôs 

(DOEôs) National Energy Technology Laboratory (NETL) in collaboration with PSRI. The 

challenge problem comprised two systems, NETLôs CFB riser (16m long and 0.305 m in diameter) 

and PSRIôs bubbling fluidized bed BFB (9m long and 0.92 m in diameter). After a first blind 

testing of all models the experimental data was publicly released and the modellerôs were allowed 

to tune their models and to submit refined results [13]. Five groups responded to NETLôs problem 

whereas only three participated in simulating PSRIôs system. Overall assessment of all simulation 

results were presented at the Circulating Fluidized Bed X Conference held in Sun River Valley, 

Oregon, USA in May 2011[14]. Some reasonable results for simulating challenging problem III 

were published/presented [13, 15]. 

In May 2013 NETL collaborated with a scientific advisory committee released a small scale 

challenge problem based on experimental measurements in a 0.076m×0.23m×1.22m rectangular 

bubbling fluidized bed [16]. The purpose of SSCP-I is to improve the reliability of computational 

modeling of multiphase flows by validating with accurate and well defined experimental data. In 

this paper, our blind CFD-DEM predictions using the in-house code GenIDLEST (Generalized 

Incompressible Direct and Large Eddy Simulation of Turbulence) [17] are compared to 

experimental measurements of the SSCP-I fluidized bed at three different superficial velocities. 

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

pressure gradients for various flow conditions. 

 

Figure 2. 1. SSCP-I 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 at 0.0603 m below 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 pressure transducer (100-1kHz) was used for rms and 

time series measurements. 

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

1 to 1.5 kHz. 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 (Fig. 2.1). The measurement technique involves tracking individual particles 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 measured data includes the first four moments of the horizontal 

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



 

12 

 

2.3.2 Operation conditions 

The granular material used in the experiment were Nylon beads of uniform size and high sphericity 

(0.93-0.95). The particles are 3.256 mm in diameter with density of 1131 kg/m3 (Geldart 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 solids weight 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. 

2.4 Numerical Technique 

The in-house code flow solver GenIDLEST was coupled with an implementation of DEM to solve 

for individual particle motion for simulating particulate flows. Serial and parallel DEM 

implementation was validated in previous work [18, 19]. 

2.4.1 Governing equations 

The Eulerian-Lagrangian framework involves solving the volume averaged Navier-Stokes 

equations derived by Anderson and Jackson [20] 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: 

 ‬‐”

‬ὸ
ᴆɳȢ‐”όᴆ π (2.1) 

 ‬‐”όᴆ

‬ὸ
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where ‐ȟ”ȟόᴆȟὴȟ†֞andὪᴆ are the volume fraction, density, fluid interstitial velocity, pressure, 

viscous shear stress and drag force  per unit volume respectively. The drag force represents the 

particle fluid interaction and is defined as:  

 

Ὢᴆ ‍
ὠ

‐ρ ‐
όᴆ ὺᴆ  (2.3) 

where ‍ȟὠ  and ὺᴆ are the momentum exchange coefficient, the particle volume, and the particle 

velocity, respectively. Np 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 coefficient [21]. 
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where W is the blending function given by: 
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where Reynolds number Rep is defined as; 
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in the above equations dp represents the particle diameter, CD is the drag coefficient solid phase, 

and mg denotes the fluid viscosity. 

The motion of each particle is governed by Newton's law; 
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where mp, Ip and wp, are the particleôs mass, mass moment of inertia, the angular velocity, 

respectively. Fp,collision, and 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 commonly used to model 

particle-particle 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 model is decomposed into a normal force component and a 

tangential force component. Normal and tangential force component are modelled using spring-

dashpot-slider system. Details of the soft sphere model can be found in [22, 23]. 
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2.4.2 Algorithm  overview 

A semi-implicit fractional step method is used to solve the flow field on a non-staggered 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 numerical algorithm coupling the fluid 

and solid equations is described in [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 void fractions are 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 then divided 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 cell-centered fluid velocity. The cumulative drag force in a given computational 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 particles is well into the turbulent region for an equivalent channel 

flow (ReD~16,700 for lowest superficial velocity), but also the calculated Archimedes number 

using the given particle and gas properties (Ar~1.4×106) indicates that the presence of the particles 

will result in near fully turbulent flow at the onset of fluidization (critical Ar ~ 1.6×106) [24]. 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 model was used [26]. The time step was selected to be about 15 times the critical 

collision time as proposed by [23]. The top and bottom boundaries were assumed as permeable 

walls allowing for a uniform gas flow velocity 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 

condition is assumed far enough to not affect the bed hydrodynamics. A no-slip boundary 
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condition was used for fluid velocities at the side walls. Simulation parameters are summarized in 

table 2.1. 

Table 2. 1. Numerical parameter used in the simulation. 

Parameter value 

Particles  

Sphericity 1 

Number 92948 

Diameter 3.256 mm 

Density 1131 kg/m3 

Coefficient of stiffness* 800 kN/m3 

Coefficient of restitution 0.84 

Coefficient of friction 0.35 

Fluid (air)  

Viscosity 1.8× 10-5 Pa.s 

Density 1.205 kg/m3 

Computation 

Domain dimensions (Lx×Ly×Lz) 
0.23m×1.22m×0.076m 

Cell in x-direction 40 

Cell in y-direction 100 

Cell in z-direction 6 

Time step 2 × 10-5 
* assumed to be the same in the normal and tangential directions 

2.5 Results and Discussions 

The simulations were run for a total time between 13-15 s. To eliminate the effect of initial 

transients the first 3-5 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 of pressure 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 x-direction to ensure load balance in each block. The BlueRidge supercomputer 

provided by Virginia Techôs Advanced Research Computing was used to run the simulations. 

BlueRidge is a 318-node Linux cluster with each node outfitted with two Intel(R) Xeon(R) CPU 

E5-2670 CPUs @ 2.60GHz and 64 gigabytes of memory for a total of 5,088 cores and 20.4 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 support the weight of the 

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 solids weight (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 level as 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 Figs. 2.2 (a-c). 

  

 
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 averaged to obtain the mean pressure 

for each case. Differences in mean and rms values of pressure are presented in bar charts in Figs. 

2.3.a and 2.3.b. The calculated mean pressure drop from transient data in the specified level are 

0.832, 0.825 and 0.768 kPa for superficial 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 velocity. The 

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 above 100%). 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). 

  

Figure 2. 3. Comparison between measured and simulated data for a) 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 3.28 m/s superficial 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 mean measurements. 

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 in Fig. 2.3(a) are different between 

simulation and experiment, both follow the same trend of decreasing pressure drop with increase 

in fluidization velocity. Figure 2.4 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. It also 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 near the walls (blue 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 the bed for the three cases. 

 

e 
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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 with a further increase in superficial velocity. Fluctuations in 

pressure drop in fluidized bed are caused by formation of bubbles and slugs [22]. The drop in rms 

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

which is characterized by the break-up of large bubbles into smaller more frequent bubble 

formation. Several transition criteria based on different measurement techniques including 

pressure fluctuation and total bed expansions have been utilized [25] 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 whereas the end of transition is 

denoted by levelling of the standard deviation of the pressure fluctuations [25]. 

Figure 2.5 shows instantaneous snapshots of some existing flow structures for the three cases 

spaced 0.1 s apart. At 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/s) the bed height 

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 large bubbles 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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Case 1 

      
 

Case 2 

      
Case 3 

      
Figure 2. 5. Snap shots showing flow structures for the three cases. 
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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 Figure 2.1. Because the measurements use a local averaging window method [27] to 

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 each particle is calculated by subtracting the 

frame averaged value from 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 the instantaneous 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 diameter. The simulation 

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

vertical velocity across the width of the bed wall are presented in Figs. 2.6 (a-c). 

  

 

Figure 2. 6. Comparison between measurement and simulation of averaged vertical velocity at 

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 and simulation 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 particle clustering at the side walls in the region 

above the distributor (blue regions in Fig. 2.4) and the falling solids velocity increases as indicated 

in Fig. 2.6 (a-c).  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 much smaller in the 

experiments. 

Although good agreement is achieved along the bed width for the intermediate velocity (U=3.28 

m/s) the peak velocity is over-predicted in the bed centre for the other two cases. One factor that 

might affect the simulation results near walls is that the computational 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 discrepancy near walls has been observed in other numerical investigations as well [6, 18]. 

Figures 2.7(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 trend ï while 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 further, Fig. 2.8 shows the 

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

window (horizontal lines).  

It can be seen from Fig. 2.8 that, in all cases, the solid circulation pattern is the same; particles are 

pushed upward and outward at the centre of the bed and collapse into 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 indicates that 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 core recirculation 

region moves closer to the distributor plate.  
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Figure 2. 7. Comparison between measurement and simulation of averaged horizontal velocity at 

PIV windows. 

Case-1 Case-2 Case-3 

   

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 weaker for 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 this is seen in the 

experiment [28]. The rms values of the vertical velocity component are shown in Figs. 2.9 (a-c). 

The predictions capture the trend but under-predict the values. On the other hand, the rms values 

for the horizontal velocity component in Figs. 2.10 (a-c) are over-predicted 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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fluctuations 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 horizontal direction than the experiments. 

Among the three cases higher deviations can be noticed at the lower velocity (2.19 m/s).  

   

Figure 2. 9. Comparison between measurement and simulation of vertical velocity rms at PIV 

windows. 

   

Figure 2. 10. Comparison between measurement and simulation of horizontal velocity rms at 

PIV window. 

Skewness is a measure of asymmetry about the mean value whereas the fourth central moment 

(kurtosis or 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 skewness and flatness 

(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. 



 

25 

 

   
Figure 2. 11. Comparison between measurement and simulation vertical velocity skewness at 

PIV windows. 

   
Figure 2. 12. Comparison between measurement and simulation horizontal velocity skewness at 

PIV windows. 

   
Figure 2. 13. Comparison between measurement and simulation; kurtosis of vertical velocity at 

PIV windows. 

   
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 second-order numerics, some other contributing 

factors to the discrepancies could be caused by the non-uniformity 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 experimental field of view only extends one particle diameter.  Thus the 

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

2.6 Conclusions 

In this paper, blind DEM-CFD predictions using the in-house code GenIDLEST are compared to 

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 and rms of velocity and pressure 

along with third and fourth-order moments of velocity components are presented. In spite of 

quantitative differences between the measured and simulated values of mean and rms pressure, 

there is agreement in the changing trends as fluidization 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 

accuracy. 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. Where appropriate, the possible reasons 

for the discrepancies are discussed. 

CFD-DEM clearly falls into the realm of complex multi-physics simulations, with drag models, 

methods used to transfer fluid-to-particle and particle-to-fluid quantities, size of fluid and 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 performed reasonably well with good qualitative agreement but fair 

quantitative agreement with experiments. 

 

 



 

27 

 

2.7 Nomenclatures 

CD  drag coefficient (-) 

dp  particle diameter (m) 

e  coefficient of restitution (-) 

f  force per computational cell volume (N/m3) 

Fp  force on particle (N) 

g  acceleration of gravity (m/s) 

Ip  particle moment of inertia (kg.m2) 

mp  mass of particle (kg) 

Np  number of particles in computational cell (-) 

p  pressure (N/m2) 

Re  Reynolds number (-) 

t  time (s) 

Tp  torque on particle (N.m) 

u  fluid velocity (m/s) 

vp  particle velocity (m/s) 

Vp  particle volume (m3) 

W  smoothing factor (-) 

Greek letters 

b  momentum exchange coefficient (kg/(m3.s) 

e  computational cell void fraction (-) 

r  density (kg/m3) 

t  viscous shear tensor (Pa.s) 

w  rotational velocity (s-1) 
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3.1 Abstract 

 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 information during the 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 decay function 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 memory time of the 

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 carried-out with experimental 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 reasonable/good agreement 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. 

3.2 Intr 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 fluid-particle interaction force is accounted 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 the particle. 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 simulate 100,000 particles for 1000 time 

steps [29]. Moreover, the inclusion of the history force may render the entire computation 

impractical when large number of particles are simulated [30].  

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

model sediment transport [30-33]. 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 

particles to develop sediment transport formulas or to improve existing models of sediment 

transport [34-37].  

Though some researchers completely neglect the history force in their numerical modeling of solid 

particles in sediment transport 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 

particles 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 sand [32, 33].  The history force was found to be significant to correctly 

describe the particle trajectory for a high Reynolds number of 4000 [31, 42], and appreciable for 

Reynolds numbers smaller than or of the order of one for large density ratios [43].The length and 

height of a single particle jump can be under-predicted by about 40% and 15%, respectively when 

the history force is neglected in the case of sand [32] and the cumulative effect of such differences 

for multiple jumps can lead to very large errors in predictions of sediment transport [31].  

Many researchers have acknowledged the fact that reducing the 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. Michaelides [44] used Laplace transform 

to recast the linear  equations of particle motion in a simplified creeping flow velocity field. He 

reported 6-11 times faster simulations with no need to store the velocity with the new method. His 

procedure, however, does not apply to non-linear equations or in random velocity fields [30, 31]. 

Gonzalez et al. [30, 31] were the first to  use a series expansion of the semi-derivative formula for 

the history force in creeping flow as proposed by Tatom [45]. They also introduced a ñmemory 

time periodò during which the history of the particle affected the current particle motion. The use 

of the semi-derivative formulation was found to reduce the computational cost by 20% compared 

to conventional techniques, and a time reduction of 10%-30% of the original simulation time was 

realized when the concept of memory time period was employed [31]. 

The justification for the use of memory time lies in the fact that particle behaviour at earlier times 

have a smaller contribution to the history force integral [34] at the current time. Mordant and 
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Pinton [42] noted that the history force at finite particle Reynolds number (as defined in Eq. (3.5)) 

can be well presented by the creeping flow expression for short intervals and becomes negligible 

thereafter [29]. Such findings inspired the development of a window model in which the history 

force was integrated over a prescribed finite time using the Basset kernel [29]. The truncation of 

integration time can yield more than an order of magnitude savings in CPU time compared to 

conventional history force calculations [29]. 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 produced reasonable results only when changes in relative particle 

acceleration over the integration window were limited [29]. To further increase the accuracy of the 

window model, Van Hinsberg 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 hundreds of time 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 memory resources and calculation time.  

3.3 Numerical Method 

In Lagrangian approaches, the path of each particle is predicted by the integration of its equation 

of motion resulting from the application of Newtonôs law of motion. In the point force (or point 

mass) model, the forces are described as a linear combination of individual contributions of 

different forces. A rigorously derived equation of motion for small particles in non-uniform flow 

derived by Maxey and Riley [47] forms a baseline equation of motion to which other force 

contributions are added. Neglecting forces arising from non-continuum effects, rotating reference 

frames, and lift forces, the equation of motion of particles interacting with other particles or walls 

can be written as 

 
Ὠόᴆ

Ὠὸ
Ὢᴆ Ὢᴆ Ὢᴆ Ὢᴆ Ὢᴆ Ὢᴆ  (3.1) 

where the forces per unit mass on the right-hand-side are due to gravity, drag, added mass, fluid-

stress, history, and collision forces, respectively. For collision forces, soft or hard sphere models 
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are commonly used to model particle interactions with other particles or with solid boundary in 

point force simulations. The soft sphere approach is used in the current work in which the contact 

force is decomposed into a normal force component and a tangential force component. The normal 

and tangential force components are modelled using a spring-dashpot-slider system. Details about 

the soft sphere model can be found in [22, 23]. In what follows, force models for solid spherical 

particles are presented. 

3.3.1 Gravity force 

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

given by 

 Ὢᴆ Ὣᴆ (3.2) 

where g is the gravitational acceleration. 

3.3.2 Drag force 

The drag force accounts for the quasi-steady viscous dissipation 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 work it will be modeled using the form 

 Ὢᴆ
σὅ”

τὨ”
όᴆ όᴆ όᴆ όᴆ  (3.3) 

where όᴆ ὥὲὨ όᴆ is the fluid velocity at the particle location and the particle velocity respectively. 

rf, rp, CD and dp are the fluid density, particle density, the drag coefficient, and the particle 

diameter. The drag coefficient for a sphere can be expressed as 

 ὅ
ςτρȢπ πȢρυὙὩȢ ȾὙὩȟ ὙὩ ρπππ

πȢττȟ ὙὩ ρπππ
 (3.4) 

In which the particle Reynolds number Rep is calculated as 

 ὙὩ
Ὠ όᴆ όᴆ

’
 (3.5) 

where nf denotes the fluid kinematic viscosity. 
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3.3.3 Added mass 

The added mass effect accounts for the force required to accelerate/decelerate the fluid surrounding 

the particle. A general formula derived by Lamb (1945) [48] for an isolated particle in creeping 

flow limit (Rep <<1) is given by 

 Ὢᴆ ὧᶅ
”

”

Ὀόᴆ

Ὀὸ

Ὠόᴆ

Ὠὸ
 (3.6) 

Here ὧᶅ is the added mass coefficient which is equal to 0.5 for a spherical particle, and the 

derivative Du/Dt is the change in fluid velocity following the particle path. Several studies have 

shown that the added-mass term predicted by creeping flow and potential flow theory works 

remarkably well for finite-Reynolds-number flows over a wide range of relative accelerations [49-

52]. 

3.3.4 Fluid -stress force 

The fluid stress force accounts for the fluid stress-gradients acting across the volume occupied by 

the particle. The fluid-stress force acting on a particle surrounded by a flow combines the effects 

of pressure gradients and viscous stresses of the fluid 

 Ὢᴆ
ρ

”
​ᴆὴ ​ᴆȢ†֞ (3.7) 

where the right hand side (RHS) can be replaced by the acceleration of the fluid and gravity force 

 ”
Ὀόᴆ

Ὀὸ
Ὣᴆ ​ᴆὴ ​ᴆȢ†֞ (3.8) 

Substituting Eq. (3.8) in (3.7) we get 

 Ὢᴆ
”

”

Ὀόᴆ

Ὀὸ
Ὣᴆ (3.9) 

Hence, the fluid-stress force contains the effect of both the buoyancy force and the unsteady force. 

The term Ὀ◊ᴆȾὈὸ is referred to as the unsteady force and can be calculated separately from the 

buoyancy effect which can be combined with the gravity force (Eq. (3.2)) in a submerged weight 

of the particle. The gravity force can be then expressed as 
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 Ὢᴆ ȟ ρ
”

”
Ὣᴆ (3.10) 

If shear stresses are negligible (e.g. gas fluidized beds) this force can be represented by pressure 

gradients alone 

 Ὢᴆ
ρ

”
​ᴆὴ (3.11) 

3.3.5 History force 

The history force model accounts for the temporal evolution of the viscous region near the particle 

(boundary layer) when the particle undergoes unsteady motion. The history force can be thought 

to be the unsteady part of the quasi-steady drag force (described earlier). This ñunsteadyò force 

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 

 Ὢᴆ
ρψ“’”

Ὠ”
ὑὸ †

Ὠόᴆ †

Ὠ†
Ὠ† (3.12) 

where όᴆ όᴆ όᴆ is the relative velocity. For spheres in creeping flow the integration kernel, 

K, as formulated by Basset is given as 

 ὑ ὸ †
τ“ὸ †

†

Ⱦ

 (3.13) 

where td is the diffusive time scale of the particle defined as 

 †
Ὠ

’
 (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 flow, Basset kernel indicates that the force decays at a rate ~ Ѝὸ. 

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 years [56]. Mei and Adrian pointed out that that the formulation of Odar and Hamilton 

was not physically or mathematically justified [57] since they assumed the decay rate at finite 

Reynolds number to be the same as that in the creeping flow limit. 
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Mei et al. [50], Mei and Adrian [57] determined that the short time behavior is consistent with the 

Basset kernel decay rate of ~ t-1/2 as per Eq. (3.13), while the long time decay-rate is proportional 

to t-2. For a finite Reynolds numbers they proposed the following kernel formula with constants c1 

= 2 and c2 = 0.105 to match their resolved oscillating flow simulations 

 ὑ ὸ † τ“
ὸ †

†
“
ὸ †

†

ὙὩ†

πȢχυὧὙὩ†
 (3.15) 

The above kernel combines both the short time limit of Basset (first term on RHS) and long time 

limit (second term on RHS). It can be seen that for small Reynolds numbers (Rep< 0.1) 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 (small (t-t)/td), the Basset kernel decay rate dominates 

since ((t-t)/td)2 is small. As the relative time (t-t)/td increases, the long-time decay rate dominates. 

The diffusion time indicates the time during which the gradients diffuse with time during the 

unsteady process - the shorter the diffusion time, the particle reaches equilibrium with the fluid 

much faster; and larger the change in the relative velocity gradients between particle and fluid, the 

more significant the history force. As noted by Loth [58], the history force is related to the time-

scales for convection and diffusion of momentum away from particles. For finite Reynolds particle 

numbers, convection effects help the temporal development of velocity gradients in the vicinity of 

the particle. The increase in Reynolds number thus implies a less significant history force.  

Based on a large set of experimental data of settling particles Dorgan and Loth [29] found that c1 

= 2.5 and c2 = 0.2 provide slightly better predictions. Laurence and Mei [59] found that depending 

on the type of motion the long time asymptotic behavior of the kernel may be t-2 of t-1 or even 

exponential. Similar conclusions reached by other investigators [60, 61] suggest the use of slightly 

different values of constants c1 and c2, however, the form of Equation (3.15)  is generally accepted 

[29]. 

3.4 Mathematical Formulation 

The current work deals with developing an efficient history force model that can be used for 

industrial and natural systems. The model targets saving both 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. Derivation of the imposed ñdecay functionò is presented. 

3.4.1 Concept of decay function 

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

formula 

 Ὢᴆ ὅ

‬όᴆ
‬†

Ѝὸ †
Ὠ† (3.16) 

where CB is a constant defined as ὅ . The above formula of Basset force (Eq. (3.16)) at 

time t can be expanded as [62] 
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It can be seen that the impact of the change in relative velocity that takes place at the nth time step 

in the past (Ўόᴆ ) will have less impact on the history force at time tn compared to the more 

recent changes in velocity (Ўόᴆ ). 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 example, as the particle starts reaching an equilibrium 

condition, the most recent changes in relative velocity will diminish; thus Eq. (3.17) represents a 

decaying Basset force. Assuming a constant time step we can rewrite Eq. (3.17) as 
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For the general case, Eq. (3.18) will require Ў◊ᴆ  to be stored at each time step. By assuming 

constant acceleration 
Ў◊ᴆὶὩὰ

Ў†
ὧέὲίὸ we can write 
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Or more generally 
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Here, ὲὸέὸ is the total number of time-steps. Eq. (3.20) mathematically represents the Basset force 

for a particle moving with constant acceleration. In this limiting case, the history force can be 

calculated without a need to store any time-dependent data. A function can be fitted to the number 

of time steps n for the sum between brackets, and the expression does not require storage of any 

particle information. For varying acceleration, however, Eq. (3.20) uses the current acceleration 

(or current change in velocity) without real consideration to the change in acceleration; this implies 

that if  the particle reaches an equilibrium condition (Ўόᴆ π ), the history force will be zero. 

The history force at such condition is however not zero as can be seen from equation (3.18), since 

the particle will feel some force from previous changes in velocity gradients. A better 

approximation would be to use an averaged acceleration instead of the instantaneous acceleration 

such that 
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where 
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rearranging Eq. (3.21) we can write 
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or in the general form 

 Ὢᴆ ὫὲȢ ɝὪᴆ (3.24) 

here 
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is a representation of the change in basset force for the current time step (Eq. (3.19) for one time 

step) and the function g(n) is defined as 
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(3.26) 

Except for the first time step, Eq. (3.26) will be less than unity and will be termed as the ñdecay 

functionò since it enforces a certain decay to a stored cumulative value. The use of Eq. (3.26) 

allows for a large reduction in the memory requirement as it requires storing only the non-decaying 

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 later section. 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 kernel. The Basset kernel (Eq. 3.13) implies a decrease in 

the memory effects at a rate proportional to the inverse square root of time (t-1/2). For finite 

particleôs Reynolds numbers the Mei and Adrian kernel (Eq. (3.15)), suggests that the decay rate 

will be proportional to inverse square root of time for elapse times less than some ñhistory timeò 

and proportional to the inverse square of time for times larger than the history time (Fig. 3.1). 

Events which took place at times older than the history time window have a fast decay rate and 

can be neglected. The concept of neglecting events in time frames older than history time ñor 

memory timeò for finite Reynolds number was first used by [29]. Based on the above discussion, 

it is reasonable to assume that the decay function derived in the earlier section (Eq. (3.24)) can be 

imposed on the stored cumulative value till the history time is reached. The history time based on 

Mei and Adrian kernel [29] is given by 

 † †
πȢφσς

ὙὩ
πȢπψχ (3.27) 
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Figure 3. 1. Integration kernel of the history force at different Reynolds numbers. 

 

The current model only accounts for the most recent events that have taken place within the history 

time. These events have a decay rate which is proportional to the inverse of square root of time 

(Basset kernel). Similar to the window model [29], earlier events will have a higher decay rate 

(ultimately proportional to the inverse of square of time) and are assumed negligible as compared 

to the more recent ones. The 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 time, the stored 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 by a weight 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 accordingly. In the current 

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 Figure 3.2 below.  

Both the travel time and history time (Eq. (3.27)) are first calculated. The travel time here is the 

time from the initial time step of interest, no, to the current time step. The incremental Basset force 
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from the current time step is calculated (Eq. (3.25)). 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 events 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 reached (ttÓth), then the cumulative history force is reduced proportional 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 Basset increment to the cumulative value, an equivalent of 

one-time 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. 

 

Figure 3. 2. Flow chart 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 of calculating the decay function (Eq. 3.26) at 
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each time step we can fit it to the number of time steps n. The following piece-wise fit function is 

found reasonably accurate in representing the decay function 

 Ὣ ὲ

ừ
Ừ

ứ
ρȢπτὲ Ȣ ȟ ὲ ρπ

ρȢυσὲ Ȣȟ ςπππὲ ρπ
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 (3.28a) 

An approximate single expression fit of the decay function can be written as 

 Ὣ ὲ πȢωςχω
ςὲ ρ

ὲ
ὲ πȢππρυσρ (3.28b) 

Figure (3.3) show the calculated decay function along with the above fit functions. The piece-wise 

function was used in the current work.  

 
Figure 3. 3. Decay function vs. proposed fit functions. 

 

3.5 Validation with Experiment  

Three differrent sets of simulations are considered for validating the proposed history force model 

- settling particles, oscillating spheres, and bouncing spheres. 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 sphere is forced to 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, particles are 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 spheres 

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 unsteady part of the motion of settling spheres. 

Selected experiments from Moorman [63], Pinton & Mordant  [42] and Ten Cate et. al [64] are 

simulated to cover a range of particle Reynolds numbers (from ~1- 280) and density ratios (~1.2-

9.2). The specifications and main characterisics of selected experiments are summarized in Table 

4.1. The velocity variation in the Figures is normalized by the terminal velocity, and time is 

normalized by the diffusion time (as per Eq. (3.14)) as given in Table 3.1. 

Figures 3.4, 3.5 and 3.6 show a comparison of simulations at three different density ratios (S 

=”Ⱦ”) 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 cover a range of terminal Reynolds 

numbers ranging from nearly 1 to about 280. Figure 3.7, shows comparisons for settling particles 

at different density ratios and approximately the same Reynolds number of ~30. Two additional 

validation cases from Mordant and Pinton at different Reynolds numbers and density ratios are 

presented in Fig. 3.8. The point at which the history time is first reached can be seen as a 

discontinuity at small Reynolds number (most obvious in case E1 of Fig. 3.6). This behavior can 

be attributed to the fact that the history force is truncated when the history time is reached. To 

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 decay function 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 technique 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 to the reduction 

of cumulative history force is not smooth and particles which show/undergo quick/fast change in 

their acceleration will show more notable discontinuity. 

Moormanôs Run #31 (Figure 3.5) and Ten Cate et al.ôs Experiment E1 (Figure 3.6) experiments 

show some notable deviation in the region where history time is reached. Both cases have a particle 

Stokes number (defined as rpdVterm/(18mf)) 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 of the particle. It should be mentioned that the constant acceleration assumption is also used 

in deriving the history time formula (Eq. (3.26)) [29] which might also require no large changes 

in acceleration within the window time for the history time to be accurate. The 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 function of (Equation 3.28a) 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 # Rep,term d(mm) rp (kg/m3) rf (kg/m3) n f (m
2/s) td(s) 

Moorman 

10 31.5 11.1 7782.2  850.4 2.7e-4 0.4553 

19 181 15.88 3076.8 834.9 7.2e-5 3.502 

21 67 9.51 3076.8 834.9 7.2e-5 1.256 

22 28 6.37 3076.8 834.9 7.2e-5 0.564 

27 29 12.71 3076.8 1247.2 1.49e-4 1.087 

29 6 6.37 3076.8 1247.2 1.49e-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 4.49e-4 0.09 

Mordant and Pinton 

CASE-1 41 0.5 2560 1000 1e-6 0.25 

CASE-4 260 0.8 7710 1000 1e-6 0.64 

Cate et. al. 

E1 1.5 15 1120 970 3.85e-4 0.585 

E2 4.1 15 1120 965 2.2e-4 1.024 

E3 11.6 15 1120 962 1.17e-4 1.915 
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Figure 3. 4. Comparison of experiment with current model at constant density ratio (~3.7) and 

different Reynolds numbers. 
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Figure 3. 5. Comparison of experiment with current model at constant density ratio (~2.47) 

and different Reynolds numbers. 
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Figure 3. 6. Comparison of experiment with current model at constant density ratio (~1.16) and 

different (low) Reynolds numbers. 
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Figure 3. 7. Comparison of experiment with current model at same Reynolds numbers 

Rep,term~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 cases from the experimental work of Odar and Hamilton [55] are considered for validation 

of the current model. The experiments are conducted by oscillating a 2.5 inch hollow sphere at 

different frequencies and amplitudes. The prescribed motion of the oscillating sphere is given by 

Aocos(wt), where Ao is the amplitude of the periodic motion and w is 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 grams, with an effective solid-to-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 mass was 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 by using a 

constant added mass coefficient was performed by Michaelides [65] for a number of experiments. 

Hence, in the current work only the measured total force of Odar and Hamiltonôs work is used and 

compared to the sum of the modeled individual force components. The parameters of the selected 

experiments are listed in Table 3.2. The Reynolds number is based on the maximum velocity of 

the oscillating particle (occurs at wt=p/2) and the corresponding Strouhal number is calculated 

using the following formula [29] 

 Ὓὸ
‫Ὠ

ςὠ
 (3.29) 

where Vrms is the root mean square of the wave velocity. 

Table 3. 2. Experimental parameters for oscillating sphere experiments. 

Run # Frequency 

(rad/s) 

diameter 

(mm) 

Strouhal 

number 

Rep,max 

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 non-dimensionalized with respect to the effective weight of the moving mass. 

The inertia force shown here is a result of the motion of the effective mass 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 overall force 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 roughly 20% at 4ò amplitude (Run#65 and 68). It 

should be mentioned here that, such deviations can also be attributed to uncertainty in the 

experiment, the uncertainty in the drag correlation, and the history force model of Mei and Adrian. 

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

the full velocity information of the particle is stored and used to calculate the history force using 

Mei and Adrian integration kernel (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 change 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 corresponding decrease in 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 peak. In cases of abrupt change of motion where the particle is in direct interaction with its 

wake, Lawrence and Mei [59] showed that the decay rate of the history force will be much faster 

at a rate proportional to the inverse of time. As such, the integration kernel of Mei and Adrian (Eq. 

(3.15)) may not be appropriate [29]. Results from using Mei and Adrian kernel for Odar and 

Hamiltonôs oscillating sphere experiments, however, showed that the applicability of the Mei and 

Adrian kernel is still valid since reasonable agreement was achieved in the selected cases of these 

experiments. Dorgan and Loth [29]  suggest that the change in the decay rate due to the ingestion 

in the wake would become more evident for cases with higher Strouhal number (St >>1). 
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Figure 3. 9. Measured vs. calculated force on oscillating sphere at different amplitudes and 

frequencies. 
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3.5.3 Bouncing spheres 

Experiments of Gondret [66] are selected to evaluate the performance of the decay function model 

for bouncing spheres. Seven experiments are selected in which solid particles bounce in liquids. 

The liquids in the experiment are water and silicone oils of different densities and viscosities. The 

key parameters of the simulations are listed in Table 4.3, where the Reynolds number is based on 

the particle radius and impact velocity. The soft sphere collision model [23] 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 scale [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 height is set 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 terminal velocity with zero value at the incipience of collision.  

Figures 3.10(a-d), show the first rebound of simulations of steel spheres in oil. The rebound height 

(h) is non-dimensionalized by the particle radius, and the particle radius and the impact velocity 

(Ui), (based on impact Reynolds numbers as listed in Table 3.3) are used to non-dimensionalize 

the time scale. The density ratio is approximately the same (~8), whereas the impact Reynolds 

number is different between cases. The simulation results are shown 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 Gondret, 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 bouncing sphere as it bounces 

to heights larger than that with gravity and drag forces only. The 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 particle. As can be seen from Figure 3.10, 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 fluid properties for the selected bouncing sphere experiments*. 

Fig # Rep,impact dp(mm) rs (kg/m3) rf (kg/m3) m f (m2/s) td (s) Rep,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 particle radius 

(A) (B) 

  
(C) (D) 

  
Figure 3. 10. Rebound trajectories for spheres at different Reynolds numbers and constant 

density ratio (S~8). 
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Figures 3.11(a-d) present the rebound trajectories at approximately the same impact Reynolds 

number but at different density ratios. It can be seen that the current model under 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%.   

(A) (B) 

  
(C) (D) 

  
Figure 3. 11. Rebound trajectories for spheres at different density ratios and the same impact 

Reynolds number (Rep,impact ~100). 

This can be due to the fact that the particle is being ingested into its wake in 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 in the previous 

section, according to the findings of Mei and Lawrence [59] the long time decay rate of cases with 

sudden stops or reversal in motion become proportional to the inverse of time and the use of Mei 
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and Adrian kernel (Eq. (3.15)) becomes inappropriate. Comparison of the current model results in 

other bouncing sphere cases, however, suggests that the use of inverse of square root time decay 

rate of Mei and Adrian kernel may still be appropriate for similar situations. 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 Loth [29] suggest 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 be the 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 to the particle 

diameter was roughly estimated using findings of Taneda [67] as 

 
ὒ

Ὠ
ρͯȢτυÌÏÇὙὩȾςτ (3.30) 

Other than Case 11D, the model generally shows reasonably good agreement compared to 

experiments. The activation of all unsteady forces improves the prediction as compared to drag 

and gravity effects only. In 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 only). It should be noted 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 parameters of the experiments. Noting that, the history force 

model is activated just before the collision such that the particle starts the collision with no prior 

history. 

3.6 Computational resources 

The current model greatly reduces the memory requirements to calculate the history 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 with two additional variables to store the previous history time of the particle 

and the starting time step.  These memory resources should be compared to 3n (where n is the 

number of time steps) for the full calculation (savings ~O(n)) of the history force. The 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 calculate the Basset force for 3D simulation is about 70 different 

operations using Eq. (3.28a). On the other hand, the traditional 3D calculation of the history force 

using the Basset kernel will require about 4+21(n) different floating point operations.  It is also 

interesting to compare the current model to the window model [29].  In the window model the 

history force is calculated by only using the particle information for the previous memory ñhistoryò 

time using the Basset kernel. It is estimated that the calculation will require 25+21(nh) different 

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

Figure 3.12, shows the CPU time required to calculate the history force per time step for a selected 

case using the three different calculation techniques, the full 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 Basset kernel (less expensive) was considered. 

 
Figure 3. 12. Comparison of CPU time required to calculate the history time. 
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It can be seen from Fig. 3.12 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 time ~ O(n). The window model follows the 

same trend as the full force calculation until the history time is reached; 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 and also 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 this to the fact that the 

current model involves more expensive arithmetic calculations compared to the window model 

(i.e., multiplication, division and exponents takes more floating operations per second as compared 

to addition) thus showing more sensitivity to changes in machine 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.  

3.7 Summary and Conclusions 

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 to ~ 260. Some deviation was 

noticed at smaller Reynolds numbers ~1, which can be attributed 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 model also shows good agreement when compared to available experimental data of 

oscillating spheres at different frequencies and amplitudes, and spheres rebounding from a wall 

over a wide range of Reynolds numbers and density ratios. The current model efficiently calculates 

the history force in terms of both memory resources and calculation time. The memory resources 

are reduced to saving only 5 parameters per particle for the whole simulation compared to 3n per 

particle when using the full force calculation method using the Basset kernel and few hundreds per 

particle when using the window model [29]. The large savings in memory resource and 

computational time makes this formulation a good candidate for use in application where large 
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number of particles are simulated for long times. Validating the performance of the model in a 

complex flow-field is difficult to tackle and was not tested. The validation of the model in basic 

modes of motion, however, indicates that it could produce quantitative/qualitative agreement in a 

combination of these modes. The model was developed and validated assuming/using a constant 

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

are applicable (e.g. Mei and Adrian kernel may not be applicable if the particle is ingested into its 

own wake). The model deviates from experiments when large variations in acceleration take place 

within the memory time period. These deviations where noted as discontinuities for settling 

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

In this work, a fully-coupled Computational Fluid Dynamics (CFD) model and Discrete Element 

Method (DEM) are used to simulate a unidirectional turbulent open-channel flow over the full 

range of sediment transport regimes. The fluid and particles are computed on separate grids using 

a dual-grid formulation to maintain consistency and avoid instability issues. The results of 

coupling the dispersed phase to a multiphase flow solver that uses volume-averaged Navier-Stokes 

equations are compared to those obtained from 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 

events to 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 under-predict sediment transport in the suspended load regime. In the suspended load 

regime, using partial coupling, the rate of sediment transport was found to be under-predicted as 

compared to full-coupling. The deviation in results in the suspended load regime was found to 

increase with increases in the applied shear stress. 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 particles is shown to reduce the simulation cost by more than a factor of 5 when 

using a scaling factor of 2. By doing a quadrant analysis on information obtained from particle and 

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

events. 

4.2 Introduction  

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 hydrodynamic forces become capable of 

entraining sediment particles (the critical condition or threshold condition), and the transport rate 

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

several decades to determine the condition 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 Dey [68]. A review of the most commonly used sediment transport formulas along 

with their range of applicability can be found in Chanson [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 particles relates to the impact of large impulse forces for short times 

during turbulent events [e.g., 70].  

Two-approaches are commonly used to study granular/particulate flows, namely the Eulerian-

Eulerian description and the Eulerian-Lagrangian approach. Most Eulerian-Eulerian sediment 

transport models in use solve the Reynolds Averaged continuity and Navier-Stokes (RANS) 

equations of the carrier fluid along with the mass balance equation for the sediment [71]. With the 

introduction of closures, the sediment mass balance (or continuity) equation is usually interpreted 

in the form of a convection-diffusion equation which solves for the sediment concentration. Large-

Eddy Simulation (LES) was recently integrated in this description [e.g., 72, 73]. Another Eulerian-

Eulerian approach is the Two-Fluid-Model (TFM) in which a volume averaged Navier-Stokes 

equation is used to solve the dispersed phase [e.g., 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 semi-empirical correlations [74]. In a 

Partial-Two-Fluid-Model, the mass and momentum of the two phases are combined and solved for 

the mixture [75]. Different research groups [76, 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 suspended-load regimens.  

In Eulerian-Eulerian models, the bed morphology (or elevation) is calculated by solving the mass 

balance equation at the surface using the Exner [78] or Exner-Paola equation [79].  The process of 

solving for morphodynamics is usually associated with the use of additional closures (e.g. sand-

slide algorithm to control the repose angle of sand). Using these techniques, Eulerian-Eulerian 

descriptions have been used to predict morphodynamic and sand-wave formation along with scour 

around piers [80-83]. 

Although Eulerian-Eulerian methods are appealing as they allow for simulating industrial and 

possibly natural scale phenomena, Eulerian-Largangian descriptions allow for better 
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representation of particle-wall interactions with large variability in particle size [58]. The use of 

Eulerian-Lagrangian descriptions for single and multiple saltating sediment particles has been the 

topic of intensive research work [e.g., 33, 84]. Such simulations are typically run with 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 the initial condition of the next saltation trajectory.   

Various modeling approaches have been used to simulate multiple particle systems. These range 

from modeling the fluid with two-dimensional moving slabs [85, 86] or advecting a point 

measurement of fluid velocity above the bed of particles [38] or using an averaged velocity profile 

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

Chang and Scotti [88] did LES-Discrete 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, only one-way coupling 

between the fluid and dispersed phase was used (particle-particle 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 threshold was exceeded. The vertical 

structures on the upslope are shown to control the amount of sediment entrained and the particle 

trajectories. The same model was used in [89] to investigate the role of coherent structures in the 

lifting and dispersal of sediment under pulsating flow conditions.  

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

ratio on the sediment transport for the transition from bed load to saltation. In their model, they 

coupled a Reynolds averaged description of the carrier flow in a pseudo two-dimensional 

continuum with a DEM. They proposed a Prandtl-like differential mixing length for turbulence 

closure. Fifteen thousand spherical particles were considered with small variability in the diameter 

(dmax ~1.2 dmean, where dmax is the maximum diameter and dmean is the mean diameter). 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 in air (Aeolian transport) at a large particle to fluid density ratio. The particle flux with 

air and water showed agreement with experimental observations.  
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Escauiaza and Sotiropoulos [91] used Detached Eddy Simulation (DES) to study the effect of 

horseshoe vortical structures on sediment transport in the vicinity of a cylindrical pier. Up to 105 

particles were placed upstream of the vertically mounted cylinder in a rectangular channel. The 

particles were assumed not to affect the fluid (one-way coupling) in their model, however, the 

particle-particle and particle-wall interactions were considered. Their results showed that the 

location of particle ejections appeared to coincide with the onset of the turbulent horseshoe vortex 

instability. Good qualitative agreement was found with experimental observations of scouring 

conditions near the threshold condition. 

Nabi et al. [92] used four different sub-models to describe sediment transport, namely pickup, 

transport over the bed, suspended transport, and deposition. Sliding is ignored for sediment pickup 

and sediment transported over the bed is modeled as a layer that moves in the direction of the 

exerted force. The average saltation height, length, and velocity show agreement with experimental 

results. The model was used along with LES on a Cartesian grid with local refinement to simulate 

the formation and migration of dunes and was able to capture the realistic physics [93]. The model 

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

submerged piers and showed good agreement with experimental data [93, 94]. 

Schmeeckle [41] combined LES with DEM to simulate unidirectional transport in an open channel. 

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 experimental observation developed by Schmeeckle 

[95] was adapted which gives the drag force as a function of particle Reynolds number (but not 

the void fraction). The LES-DEM showed good capability of predicting bedload sediment 

transport rates. The same approach was used later by Schmeeckle [96] 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 et al. [97] where 

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

Resolved flow simulations were also used to study sediment transport using Lattice-Boltzmann 

simulations or coupled Immersed Boundary Method (IBM) to Direct Numerical Simulation (DNS-

IBM) in open horizontal channel flow [e.g., 98], laminar channel flow [99] or turbulent channel 

flow [100]. Good qualitative comparisons are reported in these studies for the onset of erosion and 
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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 small integration time. 

The state of the art of Computational Fluid Dynamic-Discrete Element Method (CFD-DEM) 

modeling efforts extends to using a fluid grid larger than particle size [90] and using RANS in 

solving the flow field or coupling the discrete phase through drag to a single phase solver [41]. By 

doing so, it is possible to avoid numerical stability issues occurring from discontinuities in void 

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 plays an important role in the entrainment and suspension of particles. On the other hand, 

in wall-resolved methods such as LES, using one-way coupling neglects the feedback from 

particles to the continuous phase, and only coupling the two phases through drag is incomplete. 

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 LES-DEM applications, the inherent coupling between the solid and fluid phases was 

reduced to one-way coupling or by coupling particles to a single phase solver only through drag 

force feedback. The primary interest of this paper is to extend the state-of-the-art of simulating 

sediment transport by using LES with a dual-grid-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 particles to a multiphase flow solver 

and coupling the particles only through drag to a single phase flow solver. In the former, the 

volume averaged Navier-Stokes Equations [20] 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 included in the momentum equations, 

however, the continuous phase is modeled using Navier-Stokes equations for a single phase 

(referred to as reduced/partial-coupling). The reduced-coupling formulation was used by 

Schmeeckle [41] to avoid stability issues that could arise from using a multiphase flow solver with 

particle sizes larger than the grid size. The dual-grid formulation [18] is used herein to overcome 

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 Xiao [101] 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 individual particle 

scales with the order of the number of particles [102], 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 particles to reduce 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 sediment transport in a turbulent channel flow across a range 

of conditions from essentially no motion to strong suspension. The structure of the paper is as 

follows: Section 4.3 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 dual-grid formulation, and finally the representative 

particle model. The simulation details are given in Section 4.4, while the results section (Section 

4.5) includes subsections related to the comparison of sediment transport and channel friction 

results from using different coupling strategies and 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 Section 4.6. 

4.3 Governing Equations and Mathematical Formulation 

The methodology applies an Eulerian-Lagrangian approach involving tracking the individual 

motion of each particle. The flow is not resolved around the particle surface; instead, point-force 

expressions are used to account for different fluid-particle interactions. The fluid governing 

equations along with the particle equations of motion and the coupling strategy are first presented, 

followed by the description of the dual-grid formulation and the representative particle model. 

4.3.1 Fluid equations 

The carrier phase is modeled using volume averaged Navier-Stokes equations derived by 

Anderson and Jackson [20] for multiphase flows. The current implementation of the continuous 

phase is governed by Model-B of Gidaspow [21] in which the pressure drop is accounted for only 
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by the fluid. Under the assumption of fully-developed flow the modified fluid equations are written 

as 
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where ‐ȟ”ȟόᴆȟὴȟ and †֞ 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. While ά ȟ Ὢᴆ ȟὫȟᶅ , and  ὲ are the particle mass, the 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, and i represents each individual particle. bx is the mean 

pressure drop across the domain in the x-direction (constant) ‍ ЎὖȾὒ, where P is the total 

pressure, Lx is the domain extent in the flow direction (x in the current work), and Ὡᴆ is the unit 

vector of the flow direction. The void fraction 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 (hence, e =1 in equations 1 and 2). The shear stress tensor, †֞ in Eq. 4.2, is written as 

 †֞ ‘ ‘ ᴆɳόᴆ (4.3) 

where m is the dynamic viscosity of the fluid and ‘ is the subgrid-scale turbulent viscosity which  

is calculated using the dynamic Smagorinsky model [26, 103] in the current work. A local value 

of the dynamic constant is calculated and is constrained to values between 0 and 0.04. The second 

to last term on the right-hand side (RHS) of Eq. 4.2 accounts for the interaction forces between the 

dispersed phase and the continuous fluid phase and it together with the void fraction fully couples 

the fluid equations with the dispersed phase. The last term in Eq. 4.2 is required to simulate a 

streamwise periodic channel flow. It accounts for the mean pressure gradient which is applied to 

the streamwise momentum equation to drive the flow. Following the treatment of Patankar et al. 

[104], the pressure can be decomposed into a mean and fluctuating periodic component  

 ὖὼᴆȟὸ ὖ ‍ὼ ὴὼᴆȟὸ (4.4) 

where p is the modified fluctuating pressure, ὼᴆ is the position vector, and Pref is the reference 

pressure. The modified fluctuating pressure (p) is 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 described in [105]. 

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 Newtonôs law of motion. A rigorously derived equation of motion 

for small particles in non-uniform flow derived by Maxey and Riley [106] forms the baseline 

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

particles moving under the influence of drag (Ὢᴆ ȟ) and gravity (Ὢᴆ ȟ) forces along with contact 

forces (Ὢᴆ ȟ) can be expressed as 

 
Ὠόᴆȟ

Ὠὸ
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where the force components in the equation are per unit mass of the particle and up represents the 

particle velocity. The contact force in Eq. 4.5 accounts for both particle-particle interactions and 

particle-wall interactions. The soft sphere approach [22] is used to account for multiple 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 components are modeled using a spring-dashpot-slider 

system as sketched in Fig. 4.1. The contact force components in the normal (Ὂᴆ) and tangential 

(Ὂᴆ) directions to the collision plane are expressed as 

 Ὂᴆ Ὧ‏ᴆ –όᴆȟ (4.6) 
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where k, d, h, and mf above are the spring constant, particle contact displacement, coefficient of 

viscous dissipation, and friction coefficient, respectively. In Eqs. 4.6 and 4.7, the subscripts n and 

t represent the normal and tangential components of the various terms. The viscous dissipation 

coefficient is given by 
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where meff is the effective mass of the colliding pair  
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and a can be determined from the restitution coefficient as 
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Figure 4. 1. Schematic of the soft-sphere collision model. 

 

The rotational motion of the particles is governed by 
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where Ip and wp, are the particleôs mass moment of inertia and angular velocity, respectively. 

Tp,collision 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 

sub-sections. 

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

particle (per unit mass of the particle) is given by 
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where rp is the density of the particle and g is the gravitational acceleration (= 9.81 m/s2). The 

drag force accounts for the quasi-steady drag in uniform flow and is often a key element in the 

interaction of dense granular flows and is modeled using the form 

 Ὢᴆ
‍

‐ρ ‐”
όᴆ όᴆ  (4.13) 

where b and όᴆ are the momentum exchange coefficient and the average fluid velocity. A 

combination of the Ergun [107] formula for dense mixtures ‐ πȢψ and the Wen and Yu [108] 

drag correlation for dilute mixtures ‐ πȢψ is used for the momentum exchange coefficient with 

a blending function to avoid discontinuity [21]. 

 ‍ ὡ‍ ρ ὡ ‍  (4.14) 
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where dp is the particle diameter, and the blending function, W, is defined as 

 ὡ
ÔÁÎρυπ‐ πȢψ

“
πȢυ (4.17) 

and the drag coefficient CD is defined as 

 ὅ
ςτρȢπ πȢρυὙὩȢ ȾὙὩȟ ὙὩ ρπππ

πȢττȟ ὙὩ ρπππ
 (4.18) 

where CD is the drag coefficient. The particle Reynolds number, Rep, is calculated as 

 ὙὩ
‐”Ὠ όᴆ όᴆ

‘
 (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 Reynolds number can be found in [58]. 

Since one of the main objectives of the current work is to examine differences between using 



 

 

70 

 

different coupling strategies, only coupling through drag is considered in the current work. It 

should be noted that the traditional calculation of the history force can make the whole calculation 

impractical for cases in which a large number of particles are integrated over a long time [109]. 

The history force is neglected in most CFD-DEM simulations that include a large number of 

particles [e.g., 91, 92, 101]. However, comparisons of modeling results to experimental 

measurement [66, 109] show that the trajectories of 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 

these 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 structures. Thus, 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 flows since 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 grid [18]. In the dual-grid formulation, the turbulent 

flow field is advanced in time on the fluid grid 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 velocity and 

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

in time after calculating other relevant forces such as gravitational and collisional forces. As the 

particles are moved to new locations, the void fraction 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 Representative particle model 

Unlike simulating dilute particle mixtures without collisions, the DEM in dense mixtures, which 

resolves individual particle collisions, is dominated by the 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 Ferrante and Elghobashi [110] who considered 80 million particles, CFD-DEM 

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 attempted [112, 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 one method increasing the 

particle size is associated with changing the particle and fluid properties according to similarity 

models [114-116] and in the second approach the physical particle and fluid properties are retained 

[117, 118].  

These models have been used in fluidized bed systems [e.g., 5], spouted beds [114], and pneumatic 

conveyance systems [118]. 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 for simulating up to 25 million particles in a 

fluidized bed with good quantitative agreement reported. To the best of the authorsô knowledge, 

the applicability of the model to sediment transport has not been reported so far. In the current use 

of the representative 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 only (Eq. 4.11). The equation of 

motion of the original particles assuming binary collision between particles  

 ά
Ὠόᴆ

Ὠὸ
ὠ ” ”Ὣᴆ Ὂᴆȟ Ὂᴆ ȟ Ὂᴆ ȟ (4.20) 

The left hand side (LHS) represents the rate of change in particle momentum and the terms in the 

right hand side (RHS) represent the net particle weight, the drag force (Ὂᴆȟ ), and the normal 

(Ὂᴆ ȟ) and (Ὂᴆ ȟ) tangential collision forces. In Eq. (4.20), mp and Vp are the mass and the 
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volume of the particle, respectively. The number of particles in each representative particle (or 

parcel),npP, can be found as 

 ὲ
ά

ά

Ὠ

Ὠ
ὰ (4.21) 

where, ά  and Ὠ  are the mass and diameter of the representative particle respectively,  l is the 

scaling factor (or graining ratio). Taking the sum of both sides over the number of particles inside 

each computational parcel gives 
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The velocities of the representative particles are,όᴆ , (where the superscript RP refers to the 

representative particles) assumed to be the average of the original scale particles 
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Since the collective mass of the particles inside each parcel is equal to the representative particle 

mass (mRP=npP mp), Eq. 4.20 can be written as 
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Additionally, it is assumed that when two parcels collide, all original particles within the colliding 

parcels are undergoing the same collision (npP collisions occur) such that 

 Ὂᴆ ȟ Ὂᴆ ȟ Ὧ ᴆ‏ – όᴆȟ (4.25) 

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

 Ὂᴆ ȟ ὲ  Ὧ‏ᴆ –όᴆȟ  (4.26) 

such that an equivalent representative particle viscous dissipation (– ) and spring constant (Ὧ ) 

can be set as 

 Ὧ ὲ Ὧ Ǫ – ὲ – (4.27) 

Then Eq. 4.26 can, thus, be written as 
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 Ὂᴆ ȟ Ὧ ᴆ‏ – όᴆ  (4.28) 

Similar treatment is done in the tangential direction. 

As for the rotational motion 
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Equation 5.29 yields 
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The drag force for particles within each representative particle can be expressed as (recall Eq. 4.13) 

 Ὂᴆ Ὂᴆ
‍ὠ

ρ ‐
όᴆ όᴆ

‍ὠ

ρ ‐
όᴆ όᴆ  (4.31) 

in which the momentum exchange coefficient b is assumed to be constant and evaluated for the 

original size particles. 

4.4 Simulation Details 

A unidirectional open channel flow simulation used by Schmeeckle [41] is selected for further 

investigation in this study. The simulations comprised of ten numerical experiments of 0.5 mm 

spheres of 2650 kg/m3 density (medium sand) that cover the full range of sediment transport modes 

ranging from essentially no-motion to strong suspension. The simulations are performed in a 

turbulent open channel flow (Fig. 4.2) 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 stream-wise and span-wise 

directions. The imposed mean pressure drop that balances the shear stress determines the value of 

the mass flowrate inside the channel (Eq. 4.10). The numerical experiments considered in the 

current work compromised of 5 simulations in the bedload regime and 5 simulations in the 

suspended load regime. The numerical parameters for the simulations are listed in Table 4.1. The 

bulk Reynolds number indicated in the table is based on the averaged/bulk velocity of the fluid 

(ub) and the full channel height. The frictional Reynolds number if based on the shear velocity (ut). 

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

the ratio of the shear velocity (ut) to the settling velocity (ws) is around unity. The settling velocity 
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for medium sand was calculated based on the empirical settling velocity formula of Dietrich [119] 

and found to be 0.057 m/s [41]. Simulations that cover the bedload regimes were performed using 

115,728 particles whereas simulations in the suspended-load regime 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 

Ret 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 

ut/ws 0.239 0.384 0.526 0.696 0.848 1.31 1.46 1.64 1.82 1.97 

Reb 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 test cases. 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 0.12×0.06×0.04 m divided into 120, 60, 65 cells in the 

stream-wise (x), cross-stream (z) and vertical direction (y), respectively. The grid is uniformly 

spaced in both stream-wise and span-wise 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 

boundary. 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 Schmeeckle [41] to ensure 

proper comparisons. The size of the near-wall grid used is 0.2 mm, which for the range of flow 

conditions considered in this study corresponds to Dy+ (Dy+=Dy1.ut/n ) ranging between ~ 3 and 

25 for Ret  = 584 and 5080, respectively. The parameters used in the definition of y+ are the friction 

velocity, ut , (ut = † Ⱦ”, where †  is the wall shear stress) and the spacing of the first cell 

in the y-direction (Dy1). The used values of y+ may seem to be high for wall-resolved LES in a 

turbulent channel, however it is noted that the presence of the sediment bed damps the turbulence 

in the near-wall region. A grid refinement study performed by [41] for cases of t* ~ 0.288 and t*  

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

by the refinement of the grid. Here, t*  is the non-dimensional shear stress (aka Shieldsô parameter 

†ᶻḳ ). 

To verify the adequacy of the baseline grid used, two finer grid calculations are performed for 

Ret=5080, the highest Reynolds number in this study (see Table 4.1). In the first-level finer grid 

the number of cells in the stream-wise direction was kept the same as the baseline grid, whereas 

the number of cells in both the cross-stream and vertical directions was increased to 150, resulting 

in a grid 5.8 times larger than the baseline grid. The near-wall grid size was reduced by a factor of 

4 in the first 2 mm above the bottom wall (thus Dy+ ~6 at Ret = 5080). In the second-level 

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 (150×150×250) which is 12x finer than 

the baseline grid. The near wall cells were 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). Table 4.2 shows the 

results of the grid study with corresponding cell size 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 10s after running the simulation for 10s of real time. The baseline grid 
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has errors of -13.7%, -0.22% and 0.11% in the particle 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 particles, mf, in Eq. (4.7) have a much larger impact on the results than the grid 

[120], we have used the baseline grid for 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 1×10-3 to >10 from bedload to suspended flow regimes. 

 

Table 4. 2. Comparison of baseline grid results with finer grid results for most energetic 

suspended-load simulation. 

 Baseline grid Difference**  % Fine grid Difference**  % Finest Grid 

Cells 
468,000 

(120×60×65) 
-- 

2,700,000 

(120×150×150) 
-- 

5,625,000 

(150×150×250) 

ut 0.113 -- 0.113 -- 0.113 

Ret 5,080 -- 5,080 -- 5,080 

t 
* 1.58 -- 1.58 -- 1.58 

q* 10.95 
-13.7 % 

13.68 7.9 % 
12.68 

Cf 0.0105 
-0.22 % 

0.0111 5.9 % 
0.0105 

ub 1.104 
0.11 % 

1.0721 -2.8 % 
1.103 

**  (grid result-finest grid result)/(finest grid result) 

 

The simulation parameters pertaining to particle properties are listed in Table 4.3. The particle 

stiffness was set to an artificially low value, which is a standard practice, to soften the particles 

and to increase the time of collisions in the application of the soft sphere model [e.g., 22].  This 
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technique has been shown not to have much effect on the results with the caveat that the softening 

should be limited to prevent large unphysical overlaps between the spheres in contact (>10% of 

the radius). The other technique, which is used in the current simulations to work with disparities 

in the particle collision time scale and that of turbulence is the use of sub-stepping. In this 

technique, the particle is advanced multiple time steps during a fluid time step (Dtp =Dtf/Nsub, where 

Dtp is the time step used for the particle calculation, Dtf is the fluid ïor calculation-time step, and 

Nsub is the number of particle sub-steps within a fluid time step) using a linearly interpolated fluid 

velocity between nDtf and (n+1)ætf, where n indicates the number of the fluid time step. In the 

current work, the fluid time step, ætf, step was set to 5.3×10-4 s within which ten particle time step 

calculations are performed. Figure 4.3 shows the location of the selected computational 

experiments compared to the Shields diagram (Brownlieôs fit [121]) along with criteria for the 

transition to suspended flow by Bagnold (1966) and van Rijn (1984) . It can be seen that all 

suspended load experiments have shear stresses higher than the Bagnold [122] Criterion of 

initiation of suspension. Rp indicated in the figure is the explicit particle Reynolds number (also 

known as Galileo number or the fall parameter) defined as Ὑ Ὣ ρὨὨȾ’ where n is 

the kinematic viscosity of the fluid.  

Table 4. 3. Numerical parameters of particles. 

Parameter Value 

Particle diameter 0.5 mm 

Coefficient of restitution 0.01 

Particle density 2650 kg/m3 

Friction coefficient 0.6 

Stiffness coefficient 100 (N/m) 

Particle time step 5.3x10-5 s  
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Figure 4. 3. Transport regime for the selected cases: Bagnold (1966), van Rijn (1984), and 

Shields (from Brownlie, 1982). 

To initialize a simulation, particles were distributed above the bottom surface of the bed with their 

velocity equal to the fluid velocity. The initial mean velocity of the fluid was set to 16 times the 

friction velocity (ut) and the simulations were run for up to 30 s of real time. Figure 4.4 shows the 

time series results 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 period (20-30 s) compared to 

previously averaged results (10-20 s), shows that the change in flow velocity is about 6% or less, 

whereas almost all cases show a change of 13% or less for the particle flux in the same period. The 

physical time before averaging is equivalent to ~30-200 flow-throughs of the domain (highest for 

more energetic cases).   
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Figure 4. 4. Evolution of flowrate and sediment flux for t*~ 1.34 case (i.e., Case 9). 

 

4.5 Results and Discussion 

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 with a large number of particles. The RP model 

predictions of sediment transport and friction factor are compared to unscaled simulations and 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 void fractions. The calculated average 

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

the dual-grid-formulation was used in both cases to allow for appropriate averaging of void 

fractions and to avoid stability issues. The first method was adapted in Schmeeckleôs [41] work 

without using the dual-grid-formulation. The purpose here is to investigate the differences that 
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arise from using such an approach compared to the more appropriate four-way coupling. In the 

discussions that follow, the first method will be termed partial/reduced coupling whereas the 

second method will be termed full-coupling.  

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. Figure 4.5 shows the non-dimensional solids 

transport rate (Einstein number) vs. the non-dimensional shear stress (Shieldôs parameter) using 

the two different coupling strategies, along with results from Schmeeckle [41]. The non-

dimensional sediment transport q* is defined as ήᶻḳ Ⱦ  , where ή  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 compared to the 

prediction of the Meyer-Peter and Muller [123] (MPM) bedload transport equation (ήᶻ

σȢωχ†ᶻ †ᶻ Ȣ) using a critical (entrainment threshold) shear stress (†ᶻ) of 0.05 [124] and the 

Engelund-Hansen [125] formula for total load (ήᶻ
Ȣ

†ᶻ Ȣ). Cf in the former equation is 

the generalized Darcy-Weisbach friction factor Cf = (ut/ub)
2. 

 
Figure 4. 5. Comparison of sediment transport rate results (MPM refers to the Meyer-Peter and 

Muller (1948) bedload formula, Engelund-Hansen refers to the Engelund and Hansen (1967) 

total load formula). 
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It can be seen that sediment transport using reduced coupling is lower than that predicted by full  

coupling. In the bedload regime, the predicted solids flux is in good agreement with the bedload 

transport formula. A small transport rate can be observed (q*~4.6x10-3 or 5.5x10-4 kg/(m.s) for full 

coupling) at the first point of the bedload transport regime simulations. Although the shear stress 

at this point is less than the critical shear stress (t*~ 0.021 whereas tc*~ 0.05), it does not 

necessarily imply zero particle transport. In fact, the small predicted transport rate is close to the 

general motion criterion of 4.1x10-4 kg/(m.s) set by U. S. Army Corps of Engineers (USACE) 

[126] to quantify the sediment transport at the initiation of particle motion. The slight over 

prediction might be due to using a uniform particle size instead of a distribution of particle sizes. 

The use of uniform particle sizes is found to decrease the critical shear stress [127]. Accordingly, 

the use of a particle size distribution is expected to increase the bed resistance to motion.  It can 

be seen that the transport rate in the suspended-load regime is less than that predicted by the 

Engelund-Hansen [125] formula by roughly 50%. Current predictions are higher than the results 

provided by Schmeeckle [41] in the bedload regime but are lower in the suspended load regime. 

These differences can be attributed to the different drag model used by Schmeeckle [41] and the 

differences in the coupling. 

Figure 4.6 shows the friction factor Cf = (ut/ub)
2 plotted versus the corresponding shear velocity 

non-dimensionalized with respect to the settling velocity of 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 in Fig. 4.6 (Cf = 0.0036). This value 

is obtained by using the law of the wall (u/ut=1/k.ln(30y/ks), where u is the fluid velocity, y is the 

distance perpendicular to the wall, k=0.41 is the von Karmen constant and the relative roughness 

ks=dp). The results show the same trend as that obtained by Schmeeckle [41] but tend to be higher. 

Also, the transition in the friction factor as the flow transitions from the bedload to the suspended 

load regime is smoother compared to the abrupt change found by Schmeeckle [41].  
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Figure 4. 6.  Friction factor, Cf, 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 work of Schmeeckle [41] in transitioning from the bedload to the 

suspended load regime is a result of the different static bed heights used in the bedload and 

suspended load flow regimes. The same number of particles, and, hence, bed height across the full 

range of flows gives a much smoother distribution of Cf with a clear maximum at ut/ws~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 recommended for use in this regime. In the 

suspended load regime, however, the difference in the friction factor between the partial coupling 

and the full coupling increases as the flow rate increases. This can be explained by the increased 

mobility of the particles in 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 increased mobility of 
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particles (indicated as an increase in the particle flux in Fig. 4.5) is associated with less energy 

extraction from the fluid, thus resulting in a reduction in the friction factor, Cf, (as can be seen in 

Fig. 4.6).   

4.5.2 Effect of coarse graining 

The use of the RP model reduces memory usage associated with storage of particle information. 

The speed-up obtained from using the RP model depends on various fluid, particle, and domain 

parameters, and can vary between simulations. For instance, consider the scaling 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 need to be processed. The current fully coupled simulation 

showed a DEM speed-up of 13-16 times as compared to the original simulation. The corresponding 

overall speed-up was found to vary from 5 to as low as 2.5 times. The reduced speed-up is because 

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 speed-up of more than 5 times (DEM speed-up 16-18 times) (10 times speed up was 

obtained in some cases with reduced coupling). This is because in fully coupled simulations the 

DEM part consumes 66-81% (~75% on average) of the total simulation time, compared to 89-95% 

in the partial coupling case. 

Comparison of results with original 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 Figures 4.5 and 4.6, respectively. In these simulations, the particle grid in the 

dual-grid 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, however, the friction factor is over-predicted in the suspended-

load regime where the representative particle model tends to under predict the transport rate 

(Figure 4.5). Such a decrease in particle flux indicates that an event that can entrain an un-scaled 

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 friction 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 in Cf during the transition from the bedload regime to the 

suspended load regime in Figure 4.6 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 suspended load. 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 model. Also, four additional points were added using the original particle size (shown 

as deltas in Fig. 4.7), 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 running for 10 seconds 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 Figure 4.6 was a result of comparing two different systems, and that the particle bed 

height has a large impact on the calculated Cf. It is also very clear from the trends in all cases that 

the friction factor reaches a maximum at ut/ws ~ 1.  

 
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 from the fluid by the particles. In the bedload regime, 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 the transported sediment 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 the friction factor in the bedload regime. The increased mobilization of the 

sediment layer is a result of particles hoping on the particle bed and the additional penetration of 

the fluid into the bed, which results in more particles interacting with the fluid and extracting more 

energy from the fluid. At some stage, 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 a result and 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 

determines whether the friction factor increases or decreases. The current simulations show that 

this condition is more likely to happen when the shear velocity is about the same as the free fall 

velocity of the particles. Thus, it can be concluded that the maximum friction coefficient occurs at 

the transition from bedload to suspended load. 

Figures 4.8 and 4.9 present the averaged particle velocity along with the concentration for bedload 

and suspended load simulations, respectively. The averaged properties provided here are 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 is higher 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 

centroid of the particle is located. The particle velocities show that the top layer of particles starts 

accelerating almost parallel to the bed as the particles become mobile between t*~ 0.021 to t*~ 

0.061. As the flow rate increases, particles start diffusing into 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 mix more rigorously with the fluid, and consequently some of the particles 

are lifted to the full channel height at the extreme case tested (t* ~ 1.58). 

 
Figure 4. 8. Domain averaged sediment properties for bedload simulations, left; solid fraction of 

particles, right; solids velocity. 

 

 
Figure 4. 9. Domain averaged sediment properties for suspended-load simulations, left; volume 

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 boundary layer, [e.g., 128, 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 located 3 mm 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 measured in a control volume with a surface area of 1×1cm2 

surrounding the probe location and starting from a height which is 3 particle diameters above the 

bed. A bedload case with t*~ 0.021 (near critical shear stress) was selected where a 5 s time period 

was considered (10-15 s).  

Figure 4.10 shows the probe velocity fluctuation signal over 5 s along with the corresponding 

average particle velocity in the control volume (uô and vô are the turbulent velocity fluctuations in 

the streamwise , x, direction , and vertical, y, directions, respectively). The number of particles 

inside the control volume indicates whether the increase in particle average velocity is because of 

the increase in the number of particles (possible rush of entrained particles with high speed from 

a neighboring event) or due to a current local event. Regions of significant increase in average 

particle velocity with an almost constant number of particles in the control volume are highlighted 

in the figure.  

In the period 0.2-0.5 s, a series of successive sweeps (uô > 0, vô < 0) and ejections (uô < 0, vô > 0) 

take place with fluctuating fluid velocity components more than double the friction velocity. A 

relatively weak outward interaction (uô > 0, vô > 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 

before this 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 after t ~ 2.3 s. This can be inferred from the 

decrease in the average particle flux at an almost constant number of particles. An ejection event 

following the strong sweep is capable of maintaining a certain amount of flux before the sweep 

event following at t ~ 2.7 s causes another 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 responsible for 

particle entrainment. The findings are in agreement with results of Heathershaw and Throne [130] 

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

time spectrum. 

 
Figure 4. 10. Instantaneous particles stream wise velocity and fluid fluctuations for t*~ 0.021. 

 

A quadrant analysis of the signal is provided in Fig. 4.11 where the events are colored by their 

corresponding normalized average sediment transport (divided by the maximum value of 

transport). A quantitative summary of the percentage of sediment entrained by each event and the 

percentage of time occupied by each event are listed in Table 4.4. Also provided is a measure of 

the integrated sediment transport per event in Table 4.4. The listed measure is the ratio between 

the percentages of the sediment transport (first row in Table 4.4) to 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 inward and outward interactions. Unlike the findings of Heathershaw and Thorne 

[130], however, ejections in the current analysis are found to contribute almost equally as do 

sweeps to the entrainment of particles. Ejections were considered to be less effective in sediment 

transport as compared to sweeps and outward interactions [97, 130], but they were found to be 

dominating mechanisms for sediment transport by other investigators [131]. It can be seen 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 et al. [97]. The role 

of outward interactions (uô > 0, vô > 0) and inward interactions (uô < 0, vô < 0) seem to be 

collectively less influential to particle entrainment only because they are less frequent. As can be 

seen from the color-coding 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 entrainment of particles can be related to turbulent events which are basically large forces 

applied for short times (impulse). This would be in agreement with the hypothesis of the role of 

impulse in particle entrainment as suggested by Diplas et al. [70] and Dwivedi et al. [132] 

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

 
Figure 4. 11. Quadrant analysis of the flow signal above the bed for t*~ 0.021. 
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Table 4. 4. Quantitative analysis of particle movement and fluid signal. 

Event Outward 

interaction 

Ejection Inward 

interaction 

Sweep 

% sediment transport 19 29 14 38 

% event time 16 27 15 42 

A measure of integrated 

sediment transport 

during the event 

116 109 93.3 90.6 

 

4.6 Conclusions 

In the current work, Computational Fluid Dynamics (CFD) was coupled with the Discrete Element 

Method (DEM) to simulate sediment transport 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 averaging to avoid near-discrete 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 dual-grid formulation was used to allow for full four-way coupling. The 

differences between simulation results using partial and full coupling methods are given.  

The predicted sediment transport rate was in good agreement with empirical bed load formula and 

showed a correct dependency in the suspended-load regime. Transport rates predicted by using 

partial coupling showed good agreement with full-coupling in the bedload regime, but under-

predicted transport in the suspended load regime. The friction factor was found to increase in the 

bedload regime reaching a maximum when the friction velocity equaled the settling velocity, and 

then decrease in the suspended-load regime. The maximum resistance to flow, thus, takes place 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 particles with the increase in 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 about 10-16 times faster than the original un-scaled system. 
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The overall speed-up of the model, however, depended greatly on the ratio of time spent in DEM 

versus the fluid calculation and the overall speed-up ranged from less than 3 to more than 6 times 

the un-scaled simulation.  

Finally, the information obtained from the simulation was used to gain insight into the process of 

particle entrainment. Particle entrainment happens in streaks along the length of the bed which is, 

qualitatively, in agreement with experiments [e.g., 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 

entrainment of particles but are less frequent. 
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5.1 Abstract   

The current work presents a sensitivity study of selected numerical parameters on the LES-DEM 

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 sphere collision 

model are tested in the three regimes of sediment transport comprising of essentially no motion, 

bed-load, and suspended load flow regimes. The simulations are run for 10 s using base-values of 

the parameters of interest (reference calculation), then one parameter 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 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 

change in bed-load regime is not as significant. Both the coefficient of restitution and the particle 

stiffness show less 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 interested in two aspects; the condition at which the sediment particles are 

set in motion (the critical condition or incipience of motion threshold), and the transport rate of 

the sediment particles. Many experimental and theoretical efforts have been conducted during the 

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 parameters that can 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 

quantities ranging from probabilistic or stochastic to deterministic approaches [134, 135]. An 

extensive review of the methods used in the estimation of both parameters is beyond the scope of 

this paper. The readers are referred to the work of [136] for a review of the most commonly used 

criteria for incipience of motion and to [69] for a review of the most commonly used sediment 

transport formulas along with their range of applicability. 

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

and the Eulerian-Lagrangin approach. In the first method, both the fluid and solid (continuous and 
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dispersed phases) are modelled using Eulerian descriptions where the Navier-Stokes equations are 

solved for each phase (thus it is also known as the Two-Fluid Model or TFM). This technique 

requires additional closure models to estimate the ñviscosityò of the solids and to account for the 

collisions between the particles. On the other hand in the Eulerian-Lagrangian approach the fluid 

is solved using volume averaged Navier-Stokes Equation [20] 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 of the particles 

(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 require integration 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 CFD-DEM or Computational Fluid Dynamics coupled to Discrete 

Element Method or DEM).  

Although TFM is appealing since it is computationally less expensive than CFD-DEM, it is 

problematic in several aspects such as handling particle-wall collisions and simulating particles 

with significant size or shape distributions [58]. The Eulerian-Lagrangian approach is generally 

more accurate and has the ability to account for several realistic behaviours in particulate systems. 

The application of the Eulerian-Lagrangian description is however restricted by the number of 

particles that can be simulated. Up to millions of particles were simulated using efficient 

parallelization techniques using CFD-DEM using large number of processors [19, 111, 137] In the 

following paragraphs previous Eulerian-Lagrangian models which were employed in simulating 

sediment transport are discussed. 

Various Eulerian-Lagrangian modeling methods range from modeling the fluid with two-

dimensional moving slabs [85, 86], advecting a measured transient fluid velocity above the bed of 

particles to drive the particles motion [38, 95] or using an averaged velocity profile [87]. These 

methods account for the change in fluid velocity caused by local momentum exchange with 

particles, or between fluid layers. Qualitative and quantitative agreement is reported by using these 

aforementioned models. More recently, the Lagrangian description of the particles (Discrete 

Element Method or DEM) has been coupled to Reynolds-Averaged Navier-Stokes (RANS), 

Large-Eddy Simulation (LES) or Direct Numerical Simulation (DNS) Eulerian descriptions of the 

fluid to simulate different applications related to sediment transport [41, 90, 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. Collision parameters used in the 

framework of the soft sphere model [22] such as restitution coefficient, spring stiffness and friction 

factor, however, have a degree of uncertainty associated with their values. Mostly a single value 

is used even when measurements show dependency of the parameters on experimental conditions. 

For example, researchers [139, 140] have measured various values for the effective normal 

coefficient of restitution of grains colliding within a range of 0.1-0.65 with the lower restitution 

coefficients measured at higher shear rates. Experimental measurements Gondret et al., [66] 

showed that the coefficient of restitution can be presented as a function of the impact Stokes 

number (defined as St= rpUimpact dp/(9m), where rp  is the particle density, dp is the particle 

diameter, Uimpact is the impact velocity of the particle on the wall and m is 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 show a variation from 0.25-0.73 [140]. 

Moreover, the spring constant used in the soft sphere model has a direct impact on the allowable 

particle time step ï using a lower spring constant increases the numerical collision time allowing 

larger time steps (hence can simulate longer physical times faster) and is thus desirable. DEM 

simulations have been shown to be quite insensitive to the value of the spring constant in energy 

systems in the absence of adhesion force [141].  

Different conclusions are reported in the literature regarding the sensitivity of the numerical 

parameters used. For instance, tests with restitution coefficient (e) using three different values 

(e=0.15, 0.3, and 0.6 ïfor a particle diameter of around 1mm) showed the same statistically 

averaged results [98, 142]. Heald et al. [143] on the other hand, showed some dependency on 

restitution coefficient at low transport rate for three values of restitution coefficients of 0.3,0.5, 

and 0.7. While Jiang and Haff [85] reported some dependency on the friction factor, Drake and 

Calantoni [86] found that the friction factor is insignificant provided that it has a non-zero value. 

As for particle stiffness, Jiang and Haff [85] found similar hop patterns of the particle when they 

changed the particles stiffness by two orders of magnitude, showing its robustness. A similar 

conclusion was reached by Drake and Calantoni [86] where only negligible changes were found 

when the particle stiffness was changed by orders of magnitude while maintaining a maximum 

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 Eulerian-Lagrangian 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 systems. The current work investigates the sensitivity of critical 

parameters used in CFD-DEM simulations of sediment transport in various flow regimes in 

comparison to reported work in the literature. 

5.3 Governing equations 

An Eulerian- Lagrangian approach which involves tracking the individual motion of each particle 

is employed in the current work. The carrier phase is modeled using the volume averaged Navier-

Stokes equations derived by Anderson and Jackson [20] for multiphase flows. Discrete particles 

are treated as point-masses and suitable force expressions are used to account for fluid-particle 

interactions. The current implementation of the continuous phase is governed by Model-B of 

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

 
‬‐”
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Where ‐ȟ”ȟόᴆȟὴȟ†֞ and Ὂᴆ  are the void fraction, density, fluid interstitial velocity, fluctuating 

pressure, viscous stress and drag force due to the presence of particles, respectively. Np represents 

the number of particles in each computational cell and Vcell represents the volume of the 

computational cell. The shear stress tensor is written as: 

 †֞ ‘ ‘ ᴆɳόᴆ (5.3) 

where the subgrid-scale turbulent viscosity mt is calculated using the dynamic Smagorinsky model 

[26]. The last but one term on the right-hand side (RHS) of Eq. (5.2) accounts for the interaction 

forces between the dispersed phase and the continuous fluid phase (as a source term). The source 

terms from the drag force together with the void fraction fully couples the fluid equations with the 

dispersed phase. To simulate a stream wise periodic channel flow a mean pressure gradient is 

applied to the streamwise momentum equation to drive the flow. The flow-driving term is the last 
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term on the right hand side where the flow is in the x-direction in Eq. (5.2), ‍ ЎὖȾὒ where 

DPx is the pressure drop in the x-direction and Lx is the length of the domain in the x-direction. The 

flowrate adjusts as it develops until the losses in the domain are balanced by the applied pressure 

drop. More details on the turbulent fluid flow solver are described in [105]. 

The path of each particle is predicted by the integration of its equation of motion resulting from 

the application of Newtonôs law of motion. Neglecting forces arising from non-continuum effects 

or rotating reference frames, or unsteadiness of the particle or the flow field, the equations of 

motion of particles interacting with other particles or surfaces can be expressed as 

 ά
Ὠὺᴆ

Ὠὸ
ὠ ” ” Ὣᴆ Ὂᴆȟ Ὂᴆȟ  (5.4) 

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 life-time of the particle [144]. The use of recently developed less expensive models 

[29, 109] was not considered in the current work. Based on the finding of experimental and 

numerical work [66] 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 

 Ὅ
Ὠ‫ᴆ

Ὠὸ
Ὕᴆȟ  (5.5) 

where mp, Ip and wp, are the particleôs mass, mass moment of inertial, the angular velocity, 

respectively. Fp,coll, and Tp,coll 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  

 Ὂᴆ
‍ὠ

‐ρ ‐
όᴆ ὺᴆ  (5.6) 

Where ‍ȟὠȟόᴆ and ὺᴆare 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 concentration and Wen 

and Yu for dilute mixtures [21]. The soft sphere collision model is used to account for multiple 
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interactions occurring at the same time which is predominant in dense particle systems. The contact 

force in the soft sphere model is decomposed into a normal force component and a tangential force 

component. The contact force components in the normal and tangential direction to the collision 

plane are expressed as 

 Ὂᴆ Ὧ‏ᴆ –ὺᴆȟ (5.7) 

  Ὂᴆ
Ὧ‏ᴆ –ὺᴆȟ

ὪὊᴆ
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where; k, d, h and f above are the spring constant, particle contact displacement, coefficient of 

viscous dissipation, and friction coefficient, respectively. In the above equations, ὺᴆȟ and ὺᴆȟ are 

the normal and tangential component of the particle velocity. For more details about the soft sphere 

collision model, the reader is referred to [18, 22]. A semi-implicit fractional step method is used 

to solve the flow field on a non-staggered finite-volume 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 allow 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 is referred to [18]. 

5.4 Simulation Details 

The simulations are performed in a turbulent open channel flow (Figure 5.1) for medium 

sand in water. Mono-sized spherical particles (no variations in particle diameter) with a diameter 

of 0.5 mm and density of 2650 kg/m3 are used for all simulations. A velocity slip condition on the 

top boundary and a no-slip condition on the bottom wall are imposed. The flow is periodic in both 

stream-wise and span-wise directions. All the simulations were run in a domain of 0.12×0.06×0.04 

m divided into 120, 60, 65 cells in the stream-wise (x), cross-stream (z) and vertical direction (y), 

respectively. The grid is uniformly spaced in both stream-wise and span-wise directions. The 

vertical spacing is 0.2 mm in size for the first 20 grid cells above the bottom wall which is then 

gradually increased in size towards the top boundary. The near wall grid size, hence the resolved 

turbulent structures, are smaller or on the order of the particle diameter. Structures of the size of 

the particle (and larger) are more influential to its motion [58]. 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 same to ensure load balance between processors. 

Ten numerical experiments where conducted comprising of 5 simulations in the bed-load regime 

and 5 simulations in the suspended load regime. The bed-load regime is characterized by the 

motion of the particles along the bed surface by rolling and sliding whereas in the suspended load 

regime particles can be supported for a long time in the flow. It is well accepted that the transition 

between the two regimes occurs when the ratio of the shear velocity (ut) to the settling velocity of 

the particles (ws) is around unity. Simulations that cover the bed-load regimes were performed 

using 115,728 particles whereas simulations in the suspended-load regime were performed with 

330,028 particles. This was driven by the expensive nature 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 simulations are listed in Table 5.1. 

 

Figure 5. 1. Computational Domain (flow is in the positive x-direction), 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 

ut  
(m/s) 

0.013 0.0222 0.03 0.0392 0.0483 0.0618 0.0753 0.0835 0.0944 0.113 

Ret 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 

ut/ws 0.239 0.384 0.526 0.696 0.848 1.31 1.46 1.64 1.82 1.97 

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

 

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

in this study corresponds to Dy+ ranging between ~ 3 and 25 for Ret  = 584 and 5080, respectively. 

To verify the adequacy of the baseline grid used, two finer grid calculations are performed for 

Ret=5080, the highest Reynolds number in this study (see Table 5.1). While all calculations 

presented in this paper use full coupling between the particles and the fluid flow (inclusion of 

particle effects through void fraction and drag term in Eqs. 5.1 and 5.2), 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 under-prediction of sediment flux and flow rate 

compared to the fully coupled calculations [145] but should have an impact on the conclusions 

made from the grid dependency study. In the first-level finer grid the number of cells in the stream-

wise direction was kept the same as the baseline grid, whereas the number of cells in both the 

cross-stream and vertical directions were increased to 150, resulting in a grid 5.8 times larger than 

the baseline grid. The near-wall grid size was reduced by a factor of 4 in the first 2 mm above the 

bottom wall (thus Dy+ ~6 at Ret=5080). In the second-level refinement, the streamwise cells were 

increased to 150 whereas the number of cells in the vertical direction was increased to 250, giving 

a grid (150×150×250) which is 12 times finer than the baseline grid. The near wall cells were 

refined by a factor of 2 compared to the finer grid (8 times compared to the base-line grid in the 

first 2 mm above the bottom wall). Table 6.2 shows the results of the grid study with corresponding 

cell sizes 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 has errors of -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 % and -2.8%. While no clear convergence trend is noticed, the sediment flux 

seems to be the most sensitive to 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 uncertainty of ±15% in 

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 finer grid 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 allow 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 the bed-load regime [69]. 

 

Table 5. 2. Comparison of baseline grid results with fine grid results for most energetic 

suspended load simulation using partial coupling. 

 Base-line grid Difference**  % Fine grid Difference**  % Finest Grid 

cells 
468,000 

(120×60×65) 
-- 

2,700,000 
(120×150×150) 

-- 
5,625,000 

(150×150×250) 

ut (m/s) 0.113 -- 0.113 -- 0.113 

Ret 5,080 -- 5,080 -- 5,080 

t 
* 1.58 -- 1.58 -- 1.58 

q* 10.95 -13.7 % 13.68 7.9 % 12.68 

ub(m/s) 1.104 0.11 % 1.0721 -2.8 % 1.103 

**  (grid result-finest grid result)/(finest grid result) 

Figure 5.2 shows the location of the computational experiments on the Shields diagram (red line 

shows Brownlieôs fit [121]) along with criteria for the transition to suspended flow by van Rijn 

[146] and  Bagnold [147]. It can be seen that all suspended load experiments have shear stresses 

higher than Bagnold criterion for initiation of suspension [146]. For the current work, only three 

simulations are considered for further investigation (indicated in Figure 5.2). These are indicated 

in Table 5.1 by a bold font. The simulation parameters pertaining to the reference particle 
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properties are listed in Table 5.3. The particle stiffness was set to an artificially low value to soften 

the particles and to increase the time of collisions 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 contact (>10% of the radius). 

In the current work, the fluid time step was set to 5.3×10-4 s within which ten particle time steps 

are taken.  

 

Figure 5. 2. Location of the computational experiments on the Shields diagram (red line shows 

Brownlieôs fit (1982)) 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/m3) 

Friction coefficient 0.6 

Stiffness coefficient 100 (N/m) 

Particle time step 5.3x10-5 (s) 
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5.5 Results 

To investigate the sensitivity in the present framework, three different cases were selected, 

t*~0.021, 0.288 and 1.56. The selected cases represent one case near the threshold of motion, 

another at high bed-load and one at the most energetic suspended-load simulation (as indicated on 

Figure 5.2). The bed-load simulation with the smallest frictional velocity is theoretically at a shear 

stress below that required for particles entrainment. The simulations were run for 10 s using base 

reference values of the parameters of interest (as indicated in Table 5.3), then one numerical 

parameter was changed at a time and the corresponding change in the quantitative result of both 

sediment flux and flowrate are observed for the following 15 s. Unless stated otherwise, the results 

in the last 10 s are averaged and compared to base-value calculation averages during the same 

period. The base-value of the parameters under investigation for the reference cases are f=0.6, 

e=0.01, and 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 particles by [140], however, 

lower (or even zero) friction factors are used by researchers, e.g. [87, 101]. A non-zero friction 

factor of 0.01 was selected to verify the conclusions reported in [86] that stated that the friction 

factor was insignificant provided that it had a non-zero value. Three additional values of the 

coefficient of restitution were adapted, 0.1, 0.6 and 1.0. The particle stiffness was decreased by 

one order of magnitude and increased by one order of magnitude (k=10 and 1000 N/m). For the 

more stiff case the number of particle sub-steps 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 change in the stiffness.  

Table 5.4 presents the averaged main parameters of the reference calculation for the simulation 

period from 15-25 s. The standard deviation about the mean values of the flow velocity and particle 

flux are also indicated in Table 6.4 as a percentage of the mean value. The definition of the non-

dimensional sediment flux q* 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 sensitive quantity and 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-calculation parameters with standard deviation for 10 s averaging period. 

t 
* parameter mean Standard deviation/mean 

0.021 
Sediment transport (q*) 4.42x10-3 12.3% 

Mean flow velocity (ub) 0.174 0.4% 

0.288 
Sediment transport (q*) 0.3944 14.1% 

Mean flow velocity (ub) 0.505 1.2% 

1.56 
Sediment transport (q*) 15.0637 9.1% 

Mean flow velocity (ub) 1.19 0.6% 

 

Figures 5.3-5.5 show the temporal evolution of flow rate and sediment transport as a function of 

the simulation parameters for each of three cases. The trends are generally the same for all cases. 

Figure 5.3 shows the effect of changing the numerical parameters on the flowrate and particle flux 

near entrainment of particles threshold (t*~ 0.021). Among all calculations both a friction factor 

of 0.01 and a restitution coefficient of 1.0 show an increase in the mean flow velocity. The 

corresponding increase in particle flux is more obvious when f=0.01. Both the friction and 

restitution coefficient are directly related to the dissipation of the particle energy through 

collisions.  

Similar conclusions can be seen from temporal trends at more energetic bed-load calculation 

(Figure 5.4 for t*~ 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 

0.01 to 1.0 also shows some impact which is, however, not as severe as the friction factor. Although 

some averaged results for f=0.01 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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(a) 

 

(b) 

Figure 5. 3. Effect of changing numerical parameters on a) mean flow velocity and b) particle 

flux for t*~0.021. 

(b) 
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(a) 

 

(b) 

Figure 5. 4. Effect of changing numerical parameters on a) flowrate and b) particle flux for 

t*~0.288 (legend as indicated in Figure 5.3.a). 






















































































































































































































































































































