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ABSTRACT 
The simulation of particulate flows for industrial applications often requires the use of 

two-fluid models, where the solid particles are considered as a separate continuous phase. One of 

the underlining uncertainties in the use of the two-fluid models in multiphase computations 

comes from the boundary condition of the solid phase. Typically, the gas or liquid fluid 

boundary condition at a solid wall is the so called no-slip condition, which has been widely 

accepted to be valid for single-phase fluid dynamics provided that the Knudsen number is low. 

However, the boundary condition for the solid phase is not well understood. The no-slip 

condition at a solid boundary is not a valid assumption for the solid phase. Instead, several 

researchers advocate a slip condition as a more appropriate boundary condition. However, the 

question on the selection of an exact slip length or a slip velocity coefficient is still unanswered. 

Experimental or numerical simulation data are needed in order to determinate the slip boundary 

condition that is applicable to a two-fluid model. 

The goal of this project is to improve the performance and accuracy of the boundary 

conditions used in two-fluid models such as the MFIX code, which is frequently used in 

multiphase flow simulations. The specific objectives of the project are to use first principles 

embedded in a validated Direct Numerical Simulation particulate flow numerical program, which 

uses the Immersed Boundary method (DNS-IB) and the Direct Forcing scheme in order to 

establish, modify and validate needed energy and momentum boundary conditions for the MFIX 

code. To achieve these objectives, we have developed a highly efficient DNS code and 

conducted numerical simulations to investigate the particle-wall and particle-particle interactions 

in particulate flows. Most of our research findings have been reported in major conferences and 

archived journals, which are listed in Section 7 of this report. In this report, we will present a 

brief description of these results. 
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1. EXECUTIVE SUMMARY   

 The simulation of particulate flows for industrial applications often requires the use of 

two-fluid models, where the solid particles are considered as a separate continuous phase. One of 

the underlining uncertainties in the use of the two-fluid models in multiphase computations 

comes from the boundary condition of the solid phase. Typically, the gas or liquid fluid 

boundary condition at a solid wall is the so called no-slip condition, which has been widely 

accepted to be valid for single-phase fluid dynamics provided that the Knudsen number is low. 

However, the boundary condition for the solid phase is not well understood. The no-slip 

condition at a solid boundary is not a valid assumption for the solid phase. Instead, several 

researchers advocate a slip condition as a more appropriate boundary condition. However, the 

question on the selection of an exact slip length or a slip velocity coefficient is still unanswered. 

Experimental or numerical simulation data are needed in order to determinate the slip boundary 

condition that is applicable to a two-fluid model.  

We have completed the modification of the DNS code that tracks the solid particles in the 

simulated fluidized bed reactor and has obtained data on the isothermal behavior of particles 

close to the walls. Particle-particle and particle-wall collisions have also been investigated and it 

is found that the collision input parameters can have significant effects to the dynamics of 

particle motions. We have developed a method for selecting appropriate collision model 

parameters. We have derived boundary velocity conditions for the particles, which imply that 

there is significant particle "slip" on the walls. The slip is in the range 0.3 to 0.5 of the terminal 

velocity of the particle. It appears from the results that the wall slip depends on the size of the 

particles, and details of the wall collision process do not play an important role. We have also 

investigated the motion of a number of particles near a vertical solid wall, while the particles are 

in fluidization by a uniform flow. By applying the DNS, the positions and velocities of particles, 

initially randomly distributed in a 0.20 m × 0.80 m bed, are being tracked and analyzed at each 

time step. It is found that the motion of particles is highly unsteady. However, the time- and 

vertical-space averaged values of the particle velocities converge, yielding velocity profiles that 

can be used to deduce the particle slip length close to a solid wall. The simulation results show a 

significant amount downward particle slip close to a vertical wall, with the slip velocity 

increasing as the fluidization velocity increases. However, a negative slip length of 

approximately 1.2 particle diameters appears to exist. This slip length was found to be insensitive 

to the values of the fluidization velocity. Theoretical studies have also been conducted to solve 

some of the fundamental problems related to particulate flows such as the drag-law on single 

particles under different flow conditions. 

 We report some of the specific results we have obtained for this project.   
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2. INTRODUCTION 

 

 Several flow problems in industry and nature involve the flow of a viscous fluid (gas or 

liquid) with suspended solids. To better understand the dynamics of particulate flows and to aid 

in the design processes and systems involving particulate flows applications such as fluidized 

bed reactors, computational simulations provide an efficient, accurate, and inexpensive tool. In 

the past, researchers have primarily applied two models for studying particulate flows: the 

classical Eulerian-Eulerian continuum model or two-fluid model (Ishii, 1975; Drew and Lahey, 

2001) and the Eulerian-Lagrangian model (Crowe, 1982). The Two-Fluid Model (TFM) treats 

the dispersed solid phase as a separate continuum fluid with its own set of governing equations 

for the momentum equations; both phases have their own physical properties. The traditional 

Eulerian-Lagrangian model is often called the Distinct Element Method (DEM) or the 

UnResolved Discrete Particle Method (URDPM) (van der Hoef et al., 2008); it treats the fluid as 

a continuum phase and the solid phase as a collection of discrete particles that obeys Newton’s 

2
nd

 law. To determine the velocity and position of a particle, one needs to have the correct value 

of all the forces acting on the particle, which requires empirical equations for the drag and lift 

coefficients. Another numerical approach for studying particulate flows is the Direct Numerical 

Simulation (DNS) method, also termed as the Resolved Discrete Particle Method (RDPM). This 

approach resembles the DEM; however, the DNS determines the drag forces on the particles 

directly by modeling the particles in the flow and solving the fluid governing equations with the 

proper boundary conditions on the fluid-particle interfaces. Several numerical schemes that can 

be classified as DNS have been developed in the past decade, including mesh adaption based 

methods (Hu et al., 1992; Feng et al., 1994); more efficient Immersed Boundary (IB) based 

methods (Peskin, 1977; Feng and Michaelides, 2005, 2005; Uhlmann, 2005) and fictitious 

domain method (Glowinski
 
et al., 1999).

 
The DNS has been recently extended to include 

particle-fluid heat interactions by obtaining the fluid temperature fields surrounding the particles 

and computing from the energy equation the heat transfer rate directly (Yu et al, 2006; Feng and 

Michaelides, 2008, 2009a). By taking into account the energy interactions, the DNS method can 

successfully model the natural convection that occurs around the particles during particulate heat 

transfer and combustion processes. 

As with the solution of all differential equations, the boundary conditions at the wall play 

a very important role in the accuracy of the results of two-fluid models. Essentially, the boundary 

conditions define the solution of the particulate flow system. However, there have been very few 

studies that address quantitatively the problem of the definition of the boundary conditions at the 

wall for the particulate phase in two-fluid models. Clearly, because of the kinematic non 

penetration condition, the normal component of the particulate velocity at the wall must be zero, 

but there is no a priori reason for the tangential velocity component to vanish. Actually, most of 
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the evidence, which includes experimental work and numerical simulations, shows that the 

tangential no-slip condition is not the right boundary condition for the particulate phase close to 

solid walls (Johnson and Jackson, 1987; Sommerfeld and Huber, 1999; Michaelides, 2006; 

Lauga, et al., 2007). This phenomenon is also corroborated by the molecular dynamics 

simulations on the interactions of spheres/molecules with walls in rarefied flows. While the no-

slip boundary condition at the walls has been the standard boundary conditions for fluid flows, it 

has been known since the 1920's that there is slip at the walls in rarefied flows (Lauga et al, 

2007). It is apparent that more information is needed for the behavior of particles near the 

boundary walls, which will enable us to extract meaningful and accurate boundary conditions for 

the particulate phase. This information may come from experimental data and DNS studies. The 

detailed results from the DNS have been proved to be useful in extracting constitutive equations 

and closure laws that can be employed in DEM or TFM. Pan et al. (2002) conducted a DNS of 

the fluidization of 1204 spherical particles. They were able to successfully simulate the 

experiment and reproduce the celebrated correlations of Richardson and Zaki (1954), which 

account for the concentration of particles in the sedimentation process. 

The present study pertains to the behavior of solid particles close to a vertical wall from 

which the normal and tangential velocities of individual particles may be calculated.  We have 

developed a DNS method to simulate the motions of particles in a Fluidized Bed Reactor (FBR) 

and applied this method to groups of particles that circulate in the FBR.  From the flow 

information obtained, we studied the velocities and the overall motion of the particles in the FBR 

and extracted the time-averaged velocity profile of the particles. The results of the calculations 

enable us to determine the tangential component of the velocity of the solid phase and its gradient 

close to the wall and to deduce the slip wall boundary condition that may be used in two-fluid 

models.  

 

3. NUMERICAL SIMULATION METHOD 

 

3.1 Direct Numerical Simulation (DNS) 

 

The DNS method that is applied in this study makes use of the IB method takes into account 

the natural convection around the particles and has been described before by Feng and 

Michaelides (2008, 2009). However, because we wish to study the boundary conditions without 

the heat transfer complications, in this study we only use the isothermal part of the DNS method.  

The IB makes use of two geometric domains: the domain of the entire fluid, Ω, and the domain 

occupied by the solid particles, Σ(Si). 

The governing equations for the motion of the fluid and of the particles are as follows: 

3.1.1 For the velocity field in the entire domain, Ω: 
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             Ω ,                    (1) 

where f is the fictitious force exerted by the particles on the fluid domain and the Reynolds 

number, Re is based on the characteristic velocity and length of the problem: 

   
          

  
                     (2) 

3.1.2 For the force density field, in the domain occupied by each particle Si: 

    
     

  
                   

 

  
              .                          (3)  

3.1.3 Continuity equation for the entire flow domain Ω: 

               Ω                             (4) 

3.1.4 For the velocity field inside the region occupied by the solid particles, Σ(Si): 

                         ,                                       (5) 

where     is the position vector of the center of mass of the particle. Eqn. (5) ensures that the 

particles undergo a solid body motion.  Based on the results for the entire flow domain, the linear 

and angular velocities of each particle in the flow field are computed at every step of the 

simulation according to the following expressions: 

3.1.5 For the translational motion of the particles: 

The particle velocity is obtained from the force balance around the fluid at the interface with the 

particle. The force balance results in the following expression: 

    
      

  
          

  
              

 
 ,                         (6) 

where                   are particle and fluid density, particle volume, linear velocity and fluid 

stress tensor respectively. 

The surface integral of Equation (6) may be evaluated with the application of the Cauchy theorem 

and becomes: 

         
  

           
 

  
      
  

                          (7) 

The time derivative of the volume integral in the last expression may be simplified as follows: 

 

  
        
 

     
      

  
                            (8) 

Substituting Equations (7) and (8) into Equation (6) the following expression for the linear 

motion of the particle may be derived: 

         
      

  
        

 
               ,                         (9) 

where g
 
is the gravitational acceleration constant and     is the unit vector in the direction of the 
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gravity force. 

3.1.6 For the rotational motion of the particles: 

The angular velocity of the particles is given by the balance of the moments around the particles 

as follows: 

 

 
     

       

  
            

  
          ,                        (10) 

where       and r are the angular velocity and the radius of the particle respectively. 

Applying the Cauchy theorem to the surface integral we derive the following expression: 

           
  

                              
 

  
               
  

                   (11) 

Taking the time derivative of the volume integral results in the following expression: 

  
 

  
                

 

 
     

       

   
               (12) 

Substituting Equations (11) and (12) into Equation (10) yields the following expression for the 

angular velocity of the particles: 

 

 
          

       

  
                  

 
                       (13) 

For the two-dimensional case examined here, the volume of the particles is: 

                                             (14)   

The initial conditions of the above set of equations are: 

                                                                          (15) 

The subscript 0 represents the initial value (t=0).  

The heat transfer mechanisms are incorporated in a method that is similar to the 

Immersed Boundary Method (IBM) for the particles:  Similar to the momentum interaction for 

the IBM, the temperature field of the entire region is governed by the following modified energy 

equation: 

 ,          (16) 

where, cf and kf are the specific heat and thermal conductivity of fluid and qp represents any 

energy sources inside the particle.  The additional energy density term  is added to enforce the 

temperature field in the region occupied by the particles.  As in the case of the force balance 

equation, this term is zero in the field occupied by the fluid.  In the solid region this term is 

computed using the following equation: 
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  ,           (17) 

where T is the temperature of each particle. The numerical technique for enforcing the condition 

of T=Tp(t) in the solid region will be discussed in a subsequent section.  

The transient temperature of the particles, Tp(t), is determined by solving the following 

differential equation, which is obtained from the energy balance for the particle: 

dvqdsnTk
dt

dT
cV

S

pf

S

f

p

ppp  




                        (18) 

where  is the outward normal vector. 

 The DNS code was modified to include the heat transfer effects from the particles and the 

ensuing natural convection.  The latter is described by the Grashoff number: 
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3,2 Particle collision model and model parameters 

Particle-particle and particle-wall collisions are inevitable in a particulate flow, especially 

when the flow is dense and the particles are moving at high velocities. The correct handling of 

these collisions in any discrete particle method (DEM or DNS) is critical for modeling these 

types of flows. In general, a collision model is necessary in order to account for the force during 

collision processes. Without such a mechanism, it is likely that the particles will penetrate 

significantly into each other’s computational boundary, thus, rendering the results meaningless. 

Most of the collision schemes fall into three categories based on the gap between two particles: 

repulsive force, hard-sphere, and soft-sphere schemes. Repulsive scheme normally doesn’t allow 

solid-solid overlapping. It uses a pre-defined safe zone. When the gap between two particles is 

below the safe zone, a repulsive force arises and is added to the particles (Glowinski et al., 

1999). The hard-sphere model was first proposed by Alder and Wainwright to study phase 

transitions in molecular systems (Alder and Wainwright, 1957, 1959). Collision occurs when the 

gap between two particles is zero; as a result, the collision force and torque are computed and 

added to the particles. In hard-sphere model, collisions are processed one at a time and a list of 

future collision candidates has to be maintained for identifying the next collision. This model 

may lead to very small simulation time step and become inefficient. The soft-sphere model was 

originally introduced by Cundall and Strack in their work on DEM (1979).  In such a model, the 

particles in contact are allowed to have a small overlapping. The collision forces are computed 

based on the overlapping displacement. Different force schemes can be used in the model. A 
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review of various choices of force schemes can be found in literature (Schafer et al., 1996). 
 

Among these schemes, the linear spring/dash-pot model is the most computationally efficient 

and popular one (Tsuji, 1993; Kuo et al., 2002; Renzo, and Maio, 2004). 

The particle-particle collision model that was used in the simulations is the so-called 

“soft-sphere collision scheme,” which involves a linear spring-dashpot model (Feng et al., 2010). 

The particle-wall collisions are similar to the interparticle collisions: for this purpose, the wall is 

modelled as a very large particle of infinite radius.  The contact forces during such collision 

processes are composed of two parts: the normal and the tangential components. 

In the soft sphere model, the particles are allowed to slightly overlap and the spring model 

responds instantly by applying a force linearly proportional to the overlap. The force acts quickly 

and separates the overlapping particles.  In the linear spring-dashpot model the normal and 

tangential components of the contact force may be written as follows: 

   
        

       
                  (16) 

and 

   
        

       
  ,                (17) 

where kn and ηn are the normal spring stiffness and the normal damping coefficient respectively; 

   
  and    

  are the normal overlapping displacement and the relative normal velocity component 

of particle j with respect to particle i; similarly, kt, ηt,    
  and    

  are the corresponding tangential 

parameters for the particles j and i. 

From elementary mechanics, the relative tangential velocity is computed as follows: 

    
                                                                     (18) 

where       is the angular velocity of the particle i. The soft sphere collision model may also 

involve friction during the contact of the particles. The friction is modelled by the  coefficients of 

static and dynamic friction µs and µk respectively.  From this, the tangential contact force may be 

evaluated from the following expression: 

   
   

     
      

                 
         

   

      
  

   
 

    
  

                    
         

   
              (19) 

Because of lack of definitive experimental data, several studies use ad hoc assumptions 

for the determination of these constants. For example, Balevičius et al., (2008) used a single value 

for the static and dynamic coefficients of friction, μs = μk = μ.  In this study we have used the 

same assumption, with the friction coefficient μ = 0.3. Also, the particle and wall materials are 

assumed to be isotropic and for this reason, the normal and tangential parameters of the stiffness 

and the damping coefficient are chosen to be equal, and denoted by k and η respectively.  

Therefore, we have: k = kn = kt and η = ηn =ηt. 
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As may be seen in the soft-sphere collision model, there are three parameters that need to 

be specified: 

 the spring stiffness k; 

 the damping coefficient η; and 

 the friction coefficient μ. 

We have studied the selection of these parameters in the case of a central particle-wall 

collision in a viscous fluid and concluded that the selection of these collision parameters can be 

determined by matching the simulation data to the experimentally measured rebounding velocity 

and collision or contact time of a particle-wall collision.  

4. RESULTS AND DISCUSSIONS 

 We have developed a multi-level approach that allows us to investigate the slip velocity 

and boundary conditions at the solid wall of a fluidized bed using the detailed DNS results.  We 

have studied the particle slip velocity at walls in the case of jet flow induced particle 

fluidizations; we have investigated the relationship between the fluidization velocity and the 

solid fraction. 

According to the Richardson-Zaki (1954) correlation, the fluidization velocity      is 

related to the solid fraction as follows: 

                                  (20) 

where      is the fluidization velocity for a single particle, and      is a hindered settling 

function. It is expected that all the particles will be carried out of the bed at the terminal velocity 

    . The hindered function can be correlated by a power law of the fluid fraction, 

                                       (21) 
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Figure 1: Level of fluidized bed at different fluidization velocities 

 

In Figure 1, we plot the data of fluidization velocity and the fluid fraction for the five 

cases considered. We determined the line that best correlated these data to be, 

                                           (22) 

We found that the exponent coefficient in the power-law for a circular particle is n=4.24, which is 

also very significant.  

 We investigated the slip coefficient of particulate flows in different setups. We believe 

that the particle slip velocity on a wall depends on the type of flows. Thus, we studied the 

fluidization of particles by a jet flow. The bed is chosen to be 20 cm wide and 100 cm high; the 

orifice width of the jet is of 1 cm and jet velocity is of 150 cm/s. Initially, 1,000 particles are 

randomly distributed in the half of the lower bed. Using the techniques outlined previously, we 

computed the time- and space- averaged particles velocity profiles at time t=0.5 s, 5s, and 10s, 

respectively; the results are shown in Figure 2. It is seen that the particles near the wall initially 

are not moving even though particles further away from the walls are falling because of the 

gravity. However, after more than 5 seconds, the averaged particles velocity profile becomes 

relatively steady. Our results show that there is a significant downward slip velocity at both the 

right and left walls, which is about 0.16 m/s or close to an half of the maximum particle velocity 

found near the center of the bed. 
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Figure 2:  Particles slip velocity at the wall in a jet flow 

We have improved the efficiency of our DNS code and demonstrated that it can handle a 

large number of particles. Figure 3 shows the snapshots of the fluidizations of 10,000 particles at 

different time. The rise of fluidization “bubbles” is evident in the figure. 

 

Figure 3: Snapshots of particles fluidization by a jet flow 

 



Final Report for Grant No. DE-NT0008064 Page | 15 

 

 Our three-dimensional DNS code has been used to study the particle-wall collision in a 

viscous fluid. The bouncing motion of spherical particles falling onto a solid plate under gravity 

in a viscous fluid has been investigated experimentally by Gondret et al. (2002). They used 

particles of different sizes and different materials including carbide tungsten, stainless steel, soda 

glass, and nylon. The fluids used in their experiment are air, water, and silicone oil of different 

viscosity. They recorded the trajectory and velocity of a particle during setting and bouncing 

motion in a fluid. Figure 4(a) shows the experimentally measured trajectory of a sphere 

(diameter is 3mm) impacting a solid wall in silicon oil RV10.
1
 By choosing proper model 

parameters for soft-sphere collision scheme, we are able to reproduce their results numerically, 

as shown in Figure 4(b).  

 

(a)                                 (b) 

Figure 4: Particle trajectory as a function of time for a 3 mm steel sphere in silicon oil RV10. (a) Experimental 

measurement by Gondret et al.
1
; (b) Present numerical simulation (k=317,000 dyn/cm, η=14 dyn.s/cm.) 

 One of the research goals is to identify the relationships between model parameters of 

collision (spring stiffness, damping coefficient, and friction coefficient) and the physical 

parameters of collision (Reynolds number of flows, properties of fluid and particle, etc al.). We 

can achieve this goal by assessing the results of velocity and trajectory of a particle in collision 

obtained from experimental measurements and numerical simulations.  

 One of the research goals of the proposal is to apply the full resolved DNS approach to 

study particle-particle interactions and derive closure laws that can be employed in other scale 

models such as the TFM of MFIX.  

 It is well known that the effect to the dynamics of a particle is strongly influenced by the 

presence of neighboring particles. In this quarter, we investigated the settling of a heavy particle 

in the presence of a system of surrounding neutral particles. The simulations we conducted here 

use a fluid of viscosity 0.058 kg/m.s, and density 960 kg/m3; the particle has a diameter of 
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15mm, and its density is 1500 kg/m3. The simulation domain is a 9cmx9cmx45cm box with 

periodic boundary conditions applied on all sides. By randomly distributing different numbers of 

neutral particles of the same size (shown in Figure 5), we are able to investigate the dynamics of 

the heavy particle in a suspension of different solid fraction.  

   

           (a)                   (b)                  (c)                    (d)                 (e) 

Figure 5: The settling of a heavy particle (in white color) in the presence of neutral particles (in red color) suspended 

in a fluid at different solid fractions:  (a) 0; (b) 5%; (c) 10%; (d) 15%; (e) 25%. 

 The presence of neutral particles in flows increases the resistance and makes the values of 

the drag force and the collision force higher; as a result, it decreases the velocity of the settling 

particle. Figure 6(a) shows the setting velocity of the heavy particle at different solid fractions. It 

is seen that the settling velocity in the presence of neighboring particles fluctuates with respect to 

time mainly due to its interactions with surrounding particles. The mean velocity of the heavy 

particle, however, can be extracted from the slope of its vertical trajectory component vs. time 

graph, as shown in Figure 6(b).  
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(a)       (b) 

Figure 6: Setting of a heavy particle in the presence of surrounding particles. (a) vertical velocity vs. time (b) 

vertical position vs. time. 

Table 1 shows the terminal velocity of the heavy particle in flows with a variety of solid fraction. 

These data are plotted in Figure 8 and a good correlation is found to be: 

    

    
            .                                                                                                                  (23) 

 

Figure 7: Particle’s settling velocity in flows of different solid fraction. 

 

 

Table 1: particle terminal velocity vs. solid fraction 
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Number of surrounding 

particles 

Solid fraction Terminal velocity (m/s) 

Simulated Correlated 

0 0 0.260 0.260 

100 0.049 0.230 0.232 

200 0.097 0.210 0.210 

250 0.121 0.200 0.200 

300 0.145 0.190 0.189 

350 0.170 0.174 0.179 

400 0.194 0.165 0.169 

450 0.218 0.155 0.160 

500 0.242 0.150 0.150 

630 0.305 0.130 0.126 

 

The effects of the thermal interaction between a particle and a fluid have two aspects: the 

motion of fluid affects the heat transfer and energy balance of a particle; and the heat transfer 

from particles influences the fluid motion via the buoyancy effect. One of the important 

parameters in the energy equation used in the discrete element method is the Nusselt number, 

which depends on the flow velocity field and the fluid properties. Almost all the results in 

literature are based on the heat transfer of a single solid particle in an infinite domain with 

uniform cross flow velocity. In order to have a more accurate energy equation that can be applied 

for modeling the heat transfer of particulate flows, numerical studies are needed to account for 

the influence of effects such as non-uniform velocity field, particle shape, solid fraction, and wall 

effects. We have developed a DNS code with an added thermal-interaction module that can 

account these effects.  When the temperature of particle and its surrounding fluid is not the same, 

heat is transferred between the particles and the fluid.  The heat flux influences the properties of 

the surrounding fluid and changes the dynamics of the sedimentation of the particles. By using 

the DNS, we have examined the effects of the thermal interaction on the sedimentation velocity 

and the drag coefficient of a single particle settling in a fluid.   
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(a) Snapshot at t=0.85 s for Gr=1000                              (b) vertical velocity at different Gr numbers 

Figure 8: Free fall of spheres in a liquid. Liquid: density f=0.96 g/cm
3
, viscosity f=0.58 P, Prandtl number Pr=0.7; 

Particle: density p=1.17 g/cm
3
, radius a=0.75 cm.  

Figure 8(a) shows a snapshot at t = 0.86 s of two spheres falling in a liquid column. The 

two spheres are initially positioned at the same level. Figure 8(b) shows the settling velocity of a 

sphere at four different Grashof numbers. It is seen again that the velocity of the hot particle with 

Gr = 1000 is less than half compared to the case of an isothermal particle (Gr = 0).  

 

  Figure 9: Influence of Grashoff number to the dimensionless setting velocity at the wall. 

 

The effect of temperature gradient to dynamics of particles near a solid wall has also been 
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investigated. From the many particles in our simulations, we isolated the particles that are close 

to the vertical walls and performed an analysis of their vertical velocities.  From the 

extrapolation of the resulting data, we compute the value of the vertical velocity of the particles 

at the point where the particle boundary condition at the wall is defined.  This is at a distance of 

one particle radius from the wall (y=d/2). we concluded that the best way to define the boundary 

condition is using a dimensionless vertical velocity for the particles, which is as follows: 

   
     

  
  ,                 (24) 

where vp is the particle vertical velocity obtained from the simulations, vT is the terminal velocity 

of the particle and vf is the globally averaged velocity of the fluid: 

         
    

       
               (25) 

 The influence of the Grashoff number on these suspended in the flow field is shown in 

Figure 9, where it is observed that the heat transfer does influence the interaction velocity of the 

particles.  

 

5. CONCLUSIONS 

 

We have developed a DNS method that is capable to simulate the motion of a large 

number of particles in a viscous fluid. We used the soft-sphere scheme for both particle-

particle and particle-wall collision. From the simulation results of the fluidization process of 

500 circular particles in a two-dimensional fluidized bed reactor using five different 

fluidization velocities ranging from 0.10 m/s to 0.20 m/s, we found that the fluidization 

velocity and fluid fraction is nicely correlated by a power-law with exponent coefficient 

n=4.24; the extended fluidization velocity at zero solid fraction (blowout velocity) is close to 

the sedimentation velocity of a single particle. We observed that there is significant 

downward slip velocity of particles at a vertical wall. The no-slip boundary condition is not 

applicable for the solid phase when the two-fluid model is used. A slip boundary condition 

should be employed instead, based on a slip length, which may be calculated from our 

simulations. Using spatial and time-averaging techniques, we are able to obtain the velocity 

profiles for solid particles and extract slip lengths and slip coefficients at a wall. Our 

simulation results show that the slip velocity increases as the fluidization velocity increases. 

However, the slip length and the slip coefficient appear to be insensitive to the fluidization 

velocity and remain nearly constant with approximate values of -1.2d and -167/m. Thus, a 

slip boundary condition may be applied for the solid phase in two-phase models that would 

not depend on the flow rate of fluid.  
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We have also studied the behaviour of small particles with diameters in the range 4 to 

12 mm close to vertical walls. It was observed that the particles tend to aggregate close to 

the impermeable vertical walls. Inter-particle collisions in the vicinity of the walls become 

very important in the particulate motion and affect significantly the trajectories of 

individual particles and their vertical velocities. Secondly, the time- and ensemble-average 

relative vertical velocity of the particles at the wall region was calculated by an 

interpolation of the time-averaged numerical data. It was observed that the average relative 

dimensionless vertical velocity for all the particles or for the fully suspended particles 

depends strongly on the size of the particles and actually increases with the size of the 

particles. All the numerical data and their averages point to the fact that, at the wall, which 

for the particles is defined at a distance d/2 from the actual wall, the particles maintain a 

fraction of their terminal velocity. There is partial slip at the wall in the tangential direction, 

which appears to be in the range −0.45 to -0.29. 
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