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ABSTRACT 

 

PARTICLE ADVECTION USING THE LATTICE-BOLTZMANN METHOD 

MATTHEW CARROLL, M.S. 

 

The University of Texas at Arlington, 2012 

 

Supervising Professor:  Dr. Luca Massa 

Lattice-Boltzmann Method (LBM) CFD analysis can be helpful in analysing fluid flow 

through porous media and complex geometries that may be difficult to simulate using traditional 

CFD methods.  In this thesis, the technical details of lattice Botlzmann particle advection are 

presented.  The lattice Botlzmann equations are explained as well as a method for introducing a 

particle in a fluid flow and advecting the particle using viscous, pressure, and gravitational forc-

es.  A method is developed to advect a particle through a computational lattice mesh using 

pressure forces, gravitational forces, as well as LBM-specific viscous force equations.  The ca-

pability of the particle advection code is demonstrated in the results.  The developed LBM parti-

cle advection capability can be used to effectively model particulate filters. 
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CHAPTER 1  

INTRODUCTION AND OBJECTIVES 

1.1 Introduction and Background 

Particle advection in the mesoscopic range is a problem of significant technological in-

terest in modern engineering.  The mesoscopic range identifies particles with sizes between the 

microscopic scale (atom clusters) and the macroscopic scale (millimeter size).  While the micro-

scopic scales of motion are governed by quantum mechanics and the macroscale is governed 

by classical (Newtonian) mechanics, mesoscale scale particles tend to share the behavior char-

acteristics of both scales.  Mesoscale physics bridge the physics of the micro scale and the 

macro scale. 

Two areas where mesoscale particle advection is of significant technical interest are 

hemodynamics and soot particle filtering.  In hemodynamics, the mesoscale analysis of parti-

cles suspended in blood and their deposition help to analyze and understand how cholesterol is 

deposited and can be removed from human arteries to help prevent strokes and cerebral hem-

orrhages.  With the study of soot particle deposition, modern high-pressure diesel engines yield 

excellent combustion performance.  However, the size of the soot particles produced during the 

high-pressure combustion is significantly reduced (on the order of 100 nm) when compared to 

low-pressure diesel engine combustion.  Particle filtration in this mesoscale range is necessary 

for pollution control and to maintain engine performance but has been a difficult task for modern 

heat exchangers.  The main difficulty lies in predicting the rate of particle deposition on the heat 

exchanger walls due to therophoretic and gravitational forces as well as the rate of particle re-

moval due to aerodynamic forces and wall shear. 

In filtering problems, the wall-adhesion physics is strongly dependent on the tempera-

ture and chemical composition of the feeding gas.  The deposited soot consistency can range 
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from fluffy to resin-like depending on the concentration of nitric oxide and wall temperature.  The 

effective deposition rate is defined as the difference between the rates of soot particle adhesion 

to the wall and soot particle removal from the wall.  These rates can vary significantly depending 

on engine operating conditions which can increase the difficulty of designing of high-pressure 

diesel engine filters. 

1.2 Research Approach 

Computational fluid dynamics (CFD) has experienced an enormous development in the 

past twenty years.  In particular, the use of parallel computing has enabled researchers to simu-

late fluid flows with exceptional detail and scale separation.  CFD can lead to a better under-

standing of particle advection and deposition in the mesoscale regime, and to improved designs 

of filters and hemodynamics aiding devices.  The major problems with applying CFD to the 

complex geometries and moving particles of interest to this research are the approximation of 

the domain boundaries, the determination of the computational stencils at the irregular compu-

tational cells (those abutting the solid-fluid interface), and the evaluation of forces on moving 

objects.  Common CFD approaches to model fluid-structure interaction with complex bounda-

ries are: 1) unstructured grid technologies (for example: the FUN3D code developed by NASA), 

2) the embedded boundary method (the CHOMBO code developed by the Lawrence-Livermore 

National Laboratory); and 3) the lattice-Boltzmann approach described in more detail in Chapter 

2 of this document. 

The major drawback of the first method when applied to mesoscale particle dynamics is 

the regridding at the irregular boundaries.  Regridding can lead to severely distorted cells and 

loss in both accuracy and processor load balancing.  The second method (the embedded-

boundary approach with cut-cell stencils) does not involve regridding, which makes it typically 

more accurate than unstructured grid technology for irregular boundaries.  Nonetheless, it re-

quires defining the interface shape as a set of implicit functions, which can be a difficult task for 

moving particles and corrugated deposit layers.  The embedded boundary method also signifi-
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cantly deteriorates processor load balancing because of the redefinition of the computational 

stencils at the irregular cells.  Conversely, the lattice-Boltzmann approach does not involve ei-

ther regridding or changes in computational stencils.  Therefore, the lattice-Boltzmann method 

does not lead to loss of computational accuracy or load balancing at boundaries.  It is, there-

fore, a flexible computational tool well suited for irregular and/or moving boundary problems in 

the mesoscale regime.  However, the lattice-Boltzmann approach has other limitations when 

compared to the finite-volume analyses used in the first two methods.  These limitations will be 

discussed in the following chapters.  This document provides a detailed description of the 

changes to the lattice-Boltzmann algorithm that are necessary to simulate moving particles and 

irregular boundaries.  The research objectives are described in the following section. 

 

1.3 Research Objectives 

The research in this study will accomplish the following objectives: 

 Develop and validate a method for particle advection and complex boundary 

fluid analysis using the lattice-Boltzmann approach. 

 Implement the particle advection in an existing computational code (8). 

 Analyze particle dynamics in the mesoscale regime, including forces and trajec-

tories. 
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CHAPTER 2  

THE LATTICE-BOLTZMANN METHOD 

2.1 Introduction 

There are several methods that can be used to simulate fluid flows using computational 

fluid dynamics (CFD).  One of the more popular CFD methods is to numerically solve discre-

tized Navier-Stokes equations for macro-scale flows (2).  Because the Navier-Stokes equations 

are discretized using finite elements or finite volumes, the accuracy of the solution can be highly 

dependent on how the computational mesh is built.  For example, it may be difficult to construct 

a computational mesh about complex geometries in order to capture certain flow phenomena.  It 

may also be difficult to assign boundary conditions to intricate geometries such as filters and 

other porous materials (7). 

An alternative approach to traditional finite element/finite volume computational fluid 

simulation and analysis is the implementation of the lattice-Boltzmann method (LBM).  Each 

lattice node in fluid system is treated as a pseudo-particle.  These pseudo-particles are general-

ly much larger than the actual particles that they represent, but will behave in much the same 

way.  The LBM uses kinetic principles together with microscopic/mesoscopic particle interaction 

behavior, to simulate the behavior of macroscopic fluid flows (2).  Each lattice site contains flow 

information including density, pressure, and temperature (7).  

2.2 LBM Relation to Lattice Gas Automaton 

The ideas behind the LBM can be traced back to concepts from kinetic theory as well 

as the lattice gas automaton, the latter of which employs discrete time and discrete lattice to-

gether with discrete particle kinetics. 
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The lattice gas automaton employs pseudo-particle molecular dynamics as well as dis-

crete space, discrete time, and discrete particle velocities.  In this discrete fluid domain, these 

pseudo particles are located at the nodes of the discrete system lattice as shown in Figure 2.1. 

 

 
Figure 2.1 Lattice showing occupied lattice sites (black) and unoccupied lattice sites (white). 

The evolution equation for the lattice gas automaton is shown in Equation 1 (2). 

                    (        )    (   )    ( (   ))                            (         )    (   ) 

The evolution equation assigns a Boolean variable,   , to the lattice site at      and 

    based on the current lattice site as well as the collision term   (2).  The Boolean variable 

   will define a lattice site as either occupied by a particle or not occupied by a particle.  The 

term    represents the i-th discrete velocity, and the term      represents the nearest-neighbor 

lattice site.  The term   represents the total number of particles in the system. 

The lattice gas automaton introduces some important concepts, including a streaming 

step followed by a collision step.  In the streaming step, particles will move in the direction of 

their velocity to the closest lattice site.  In the collision step, particles arrive at their new lattice 

site and interact with other particles where they change velocities based on rules that dictate 

scattering (2). 
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The lattice-Boltzmann method replaces the Boolean variable    with a discrete particle 

velocity distribution function for each pseudo particle in the lattice,   .  The non-linear collision 

term can be replaced with a linear collision term called the Bhatnagar-Gross-Krook (BGK) colli-

sion operator.  At this point, it is worth describing the physical aspect of both the single-particle 

distribution function and the local equilibrium distribution function.   The single-particle distribu-

tion function, or single-particle velocity distribution function, is a normalized quantification of the 

number of particles in a given state with a discrete velocity in the system at time  .  The local 

equilibrium distribution function is a normalized quantification of the number of particles in a giv-

en state with a discrete velocity in the system in equilibrium at time   (2).  The lattice-Boltzmann 

equation can be derived from the following discrete kinetic equation (2): 

  (           )    (   )    ( (   ))                           (         )    (   ) 

It is required that, for each lattice, the collision operator    must satisfy conservation of 

total mass and conservation of total momentum.  Particle velocity moments of the distribution 

function    are used to define the macroscopic system properties density and momentum densi-

ty: 

  ∑  

 

 

              ∑    

 

 

                                                                (   ) 

The single-particle distribution function    can be defined as an expansion of the local 

equilibrium distribution function   
  

: 

     
  
    

   
                                                                                (   ) 

Where the non-equilibrium distribution function   
   

 is defined as: 

  
   

   
( )
    

( )
  (  )                                                                     (   ) 

The local equilibrium distribution function   
  

 and the non-equilibrium distribution func-

tion must satisfy the constraints in equations 2.6 and 2.7, respectively: 

∑  
  

 

 

                   ∑  
  

 

 

                                                         (   ) 
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∑  
( )

 

 

                  ∑  
( )
  

 

 

                                    (     )   (   ) 

Since   ( (   ))   (  ), Equation 2.4 can be substituted into the expression for the collision 

operator   and expanded via Taylor series to obtain an approximation for the collision operator: 

  ( )    ( 
  )   

   ( 
  )

   
  
( )
   (

   ( 
  )

   
  
( )
 
    ( 

  )

      
  
( )
  
( )
)   (  )   (   ) 

A Taylor expansion of Equation 2.2 yields the following equation, where only the physics of the 

limits of the long wave length and low frequency are considered: 

   
  
          (

 

 
                

   
  
 
 

 

    
   

)  
  
 
                                         (   ) 

As     in Equation 2.9,   ( 
  )   .  The collision operator now becomes a linearized colli-

sion operator: 

  ( )

 
 
 

 

   ( 
  )

   
(     

  
)                                                            (    ) 

where 
   ( 

  )

   
 is subject to the same conservation constraints as   

( )
 in Equation 2.7. 

It is assumed that the local particle distribution will relax to equilibrium at rate   such 

that: 

   ( 
  )

   
  

 

 
                                                                         (    ) 

For the case that    , Equation 2.11 can now be substituted into Equation 2.10 to obtain the 

lattice BGK term: 

  
 
  

 

  
  
   

  
 

  
(  

( )     
( ))   

 

  
(     

  
)                                      (    ) 

Equation 2.12 can now be substituted into Equation 2.2 to obtain the lattice-Boltzmann 

Bhatnagar-Gross-Krook (LBGK) equation: 

  (        )    (   )  
     

  

 
                                                           (    ) 
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where the  (  ) general form of the equilibrium distribution function for small velocities can be 

written as: 

  
  
  [         (    )

     ]                                                       (    ) 

 The lattice constants       and   can be solved for analytically using Equation 2.6 (2).  The 

lattice constants can be solved for analytically using the constraints of Equation 2.6: 

  
  
    [        

 

 
(    )

  
 

 
  ]                                                 (    ) 

 

2.3 LBM Relation to Continuum Boltzmann Equation 

Relating the continuum Boltzmann equation to the LBM first requires an introduction of 

a form of the Boltzmann equation, the Boltzmann BGK equation (1): 

  

  
             

 

 
[     ]                                                  (    ) 

The single particle distribution function   can be expanded by Hermite polynomials in 

velocity space   (1): 

 (     )   ( )∑
 

  
 ( )(   ) ( )( )

 

   

                                                 (    ) 

where the Hermite polynomial weight function, the dimensionless expansion coefficients, and 

the Hermite polynomial are shown in Equations 2.18, 2.19, and 2.20, respectively (1): 

 ( )  
 

(  )
 
 ⁄
   [ 

  

 
]                                                              (    ) 

 ( )(   )  ∫ (     ) ( )( )                                                          (    ) 

 ( )( )  
(  ) 

 ( )
   ( )                                                               (    ) 

In order to understand the relation of the LBM to the continuum Boltzmann equation, it 

is important to understand the relation between the Maxwell-Boltzmann distribution function and 

the equilibrium distribution function.  The equilibrium distribution corresponds to the continuous 
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limit of the Maxwell-Boltzmann distribution of translational motion as a function of the micro-

scopic velocity vector   (1), 

   ( )  
 

(    )    
   [ 

(   ) 

   
]                                              (    ) 

where   is the macroscopic velocity vector,   is the macroscopic density,   is the gas constant, 

  is the macroscopic temperature, and   is the dimension of the system.  According to the 

Chapman-Enskog multi-scale theory, Equation 2.18 yields the equilibrium macroscopic varia-

bles by integration (1): 

( )   ∫                                                                               (    ) 

(  )   ∫                                                                           (    ) 

(  )   
 

 
[   
( )   (    )]                                                           (    ) 

where 

 ( )  ∫   (    )                                                                       (    ) 

 By expanding     in Hermite polynomials as functions of  , the continuous Maxwell-

Boltzmann distribution function becomes discretized (1): 

     ( )∑
 

  
  (   )  ( )

 

                                                        (    ) 

Matching the integrals for the macroscopic quantities, the final formulas for the macro-

scopic quantities are obtained (1): 

  ∑  

 

   

                                                                                 (    ) 

   ∑    

 

   

                                                                            (    ) 

 (     )  ∑    
 

 

   

                                                                   (    ) 
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Equations 2.27 – 2.29 can be used directly in a code such as LIMBES to find the mac-

roscopic properties: density, velocity, and internal energy. 

 

2.4 Recovery of Navier-Stokes Equations 

The Navier-Stokes equations can be recovered from the equations of the lattice-

Boltzmann method.  From Equation 2.9, the following equation can be obtained to orders     

and    in Equations 2.30 and 2.31, respectively (2): 

   
  

   
        

  
  

  
( )

 
                                                           (    ) 

 

   
  
( )
 
 

   
  
  
       

( )
 
 

 
          

  
     

 

   
  
  
 
 

 

  

   
   

  
 
 

 
  
( )
    (    )  

where    represents the diffusion time scale, which is much slower than the convection time 

scale   .  Using Equation 2.30, Equation 2.31 can be rewritten as (2): 

   
( )

   
 (  

 

 
) [
   

( )

   
        

( )
]   

  
( )

 
                                     (    ) 

Using Equations 2.27 and 2.28, Equation 2.30 can be rewritten as the continuity equa-

tion (2): 

  

  
                                                                              (    ) 

Equation 2.28 can be used with Equation 2.32 to form the following form of the momen-

tum conservation equation (2): 

   

  
                                                                         (    ) 

where the momentum flux tensor   is (2): 

    ∑(  ) (  ) [  
  
 (  

 

  
)   

( )
]

 

                                              (    ) 

such that (2): 
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( )
 ∑(  ) (  )   

  

 

                                                        (    ) 

   
( )
 (  

 

  
)∑(  ) (  )   

   (  (   )    (   ))

 

                        (    ) 

where   is the macroscopic pressure and   is the macroscopic kinematic viscosity.  The result-

ing equation is the conservation of momentum equation, or the Navier-Stokes equations, if    is 

small (2): 

 (
   
  

        )          (           )                                  (    ) 

 

2.5 Boundary Conditions for Lattice-Boltzmann Method 

The open-source LIMBES code has several built-in boundary conditions that one can 

choose for a given system.  These built-in boundary conditions include specular reflection, dif-

fuse reflection, the imposed flow condition, the imposed pressure and temperature condition, 

and the imposed pressure condition.  Specular reflection is a user-defined boundary condition 

where all properties are specified.  The diffuse condition is a thermal boundary condition that 

can be imposed.  With the diffuse condition, the user specifies an accommodation coefficient, 

the tangential wall velocity, and the wall temperature.  The imposed flow condition represents a 

boundary condition that assumes there is a free-stream flow upstream of the boundary.  With 

the imposed flow condition, the user specifies the density of the flow and both the x- and y-

components of the velocity at the boundary.  The imposed pressure and temperature boundary 

condition represents a controlled upstream reservoir.  With the imposed pressure and tempera-

ture boundary condition, the user specifies both the pressure and temperature of the reservoir.  

The imposed pressure boundary condition is similar to the imposed pressure and temperature 

boundary condition except only the pressure of the reservoir is specified. 

One difference between LIMBES and other lattice-Boltzmann codes is that LIMBES 

does not mention the use of or give the user an option to use the bounce-back boundary condi-
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tion.  The bounce-back boundary condition is a method in which to impose a no-slip boundary at 

a surface.  The bounce-back boundary condition imposes a no-slip boundary condition by dic-

tating that when a particle moves to the boundary node, it will subsequently move back to the 

node from which it came, effectively “bouncing back” to the previous lattice node (2).  Instead of 

the bounce-back boundary condition, LIMBES uses the diffuse reflection boundary condition.  

The diffuse reflection boundary condition assumes that the lattice nodes at the surface bounda-

ry have a Maxwellian, or equilibrium discrete velocity distribution.  Therefore, when a particle 

arrives at a boundary node, it will leave the boundary node with a Maxwellian (or equilibrium) 

velocity distribution where the mean velocity is zero relative to the surface (6). 

 

2.6 Chapter Summary 

Chapter 2 discusses how the lattice-Boltzmann method relates to both the lattice gas 

automaton and the Continuum Boltzmann Equation.  The lattice-Boltzmann equations can be 

derived independently from both the lattice gas automaton and the Continuum Boltzmann Equa-

tion.  Because the Navier-Stokes equations govern conservation of mass, momentum, and en-

ergy in a fluid, it is important to note that the Navier-Stokes equations can be recovered from 

the derived lattice-Boltzmann equations.  Although the bounce-back boundary conditions is 

widely used in lattice-Boltzmann codes, in the LIMBES code, the diffuse boundary condition is 

used instead. 
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CHAPTER 3  

MODIFICATIONS TO LIMBES CODE 

3.1 System Definition 

LIMBES is an open-source lattice-Boltzmann solver.  The name “LIMBES” is a recur-

sive acronym that means LIMBES Is May Be a Boltzmann Equation Solver, where the “May Be” 

refers to the fact that the code does not use Boltzmann’s full collision term, but instead uses the 

Bhatnagar-Gross-Krook (BGK) model which is used in kinetic theory.  LIMBES can be used to 

numerically solve the BGK Boltzmann equation in 2D using between 9 and 400 discrete veloci-

ties (8). 

When LIMBES is initially obtained via open-source methods, the code is set up to mod-

el a specific system.  The original LIMBES system is shown in Figure 3.1. 

 

Figure 3.1 Original LIMBES system (8). 

In the original LIMBES system, the flow propagates from the left side of the system to 

the right side of the system due to the difference in pressure and density between the left and 

right wall boundary conditions.  The flow in the secondary channel is heated by the secondary 

channel walls and moves into the lower temperature primary channel flow. 
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While developing a lattice-Boltzmann code for a moving particle, simplifications are 

made regarding the system.  The secondary channel with the higher temperature walls is elimi-

nated in order to simulate a particle in a straight-walled duct.  The dimensions of the original 

system are modified in order to minimize the time and distance before the flow propagates from 

the left wall to the surface of the particle.  The modified LIMBES system is shown in Figure 3.2. 

 

Figure 3.2 Modified LIMBES system. 

  

3.2 Plotting the Particle 

Proper simulation of 2-D particle movement first requires that a region of the system be 

defined as the particle.  Particles will vary in size and shape, but for simplicity, the particle was 

chosen to be a 2-D sphere, or disc, with a radius of 10 (about 10% of the maximum system di-

mensions).  Its placement in the center of the system will allow for flow development to the left 

side (system inlet) and right side (system outlet) of the disc.  The coordinates of the center of 

the disc are user-defined, and the coordinates of the disc boundary are dependent on the loca-

tion of the x- and y-coordinates of the disc center.  Grid points within the particle domain are not 

part of the fluid flow and will have a phase value of zero. 

One of the challenges associated with circular geometries and numerical computation is 

that these geometries can only be estimated due to the discrete domain.  The equation of a cir-

cle, given in Equation 3.1: 
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                                                                                         √                                                                  (   ) 

must therefore be modified to account for the discrete aspect of the system.  Equation (1) was 

modified so that the square root calculation always produced an integer value using the intrinsic 

Fortran function “NINT” (see Equation (2)). 

                                                                                     (√     )                                                   (   ) 

 Equation (2) is applied to a domain defined by disc_center_y-disc_rad -1 <= y <= 

disc_center_y+disc_rad+1 and disc_center_x-disc_rad-1 <= x <= disc_center_x+disc_rad+1.  

For any x- and y-value,       , from Equation (2), with either be a value less than, equal to, or 

greater than the user-defined particle radius.  A grid point will be considered part of the particle 

if       (   ) <= disc_rad.  Figure 3.3 shows the circular particle defined by Equation 3.2. 

 

Figure 3.3 Circular particle plotted using equation (2). 

After defining the domain of the disc within the system, it is necessary to define the particle 

boundary points.  These points are the grid points that are east, northeast, north, northwest, 

west, southwest, south, or southeast to particle surface points.  Each point of the domain 

disc_center_y-disc_rad -1-delta_x <= y <= disc_center_y+disc_rad+1+delta_x and 

disc_center_x-disc_rad-1-delta_x <= x <= disc_center_x+disc_rad+1+delta_x is checked to 

verify that it either is or is not a particle boundary point.  Figure 3.4 shows the particle with 

boundary points. 
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Figure 3.4 Particle (blue circles) plotted with boundary points (red diamonds). 

 

3.3 Manufactured Solution Pressure Integration Method 

The delta_x at which the discrete system attains grid independence can be analyzed by 

assuming a manufactured solution for the pressure distribution on the particle.  The resultant 

pressure force acting on the particle is calculated by integrating the pressures at the particle 

boundary points.  A simple method to integrate the pressure force over the surface of the parti-

cle is to apply the pressure calculated at each east, north, west, and south boundary point to the 

x-direction or y-direction, or both the x- and y-directions.  Each boundary point corresponds to 

either one (x-direction or y-direction) or two particle surface points (both x- and y-direction) as 

shown in Figure 3.5. 
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Figure 3.5 Detail view of discrete particle (blue circles) with flow boundary points (red dia-
monds).  The black arrows show the direction(s) that the pressure at the fluid boundary is ap-

plied to the surface of the particle. 

In order to verify that this pressure integration technique will converge to a single force 

value as delta_x decreases and the number of grid points increases, a manufactured pressure 

distribution is assumed along the fluid boundary of the particle.  For the first convergence check, 

manufactured solutions of of P(x)=x
2
 , P(x)=exp(x), and P(x)=x

3
, are assumed to exist on the 

fluid boundary of the particle.  The pressures at the particle fluid boundary are multiplied by del-

ta_x and summed to get the total pressure force acting on the particle.  Particle fluid boundary 

points with a particle boundary point to the left will have a negative pressure in the x-direction 

(pressure points against direction of fluid flow).  Particle fluid boundary points with a particle 

boundary point to the right will have a positive pressure in the x-direction (pressure points with 

the direction of fluid flow). 

The manufactured pressure force on the particle was calculated for 7 values of delta_x, 

including 1.0, 0.5, 0.25, 0.125, 0.0625, 0.03125, and 0.015625.  The manufactured pressure 

forces for three functions, x
2
, exp(x), and x

3
, for each delta_x value is shown in Figure 3.6. 
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Figure 3.6 Normalized manufactured solutions plotted against varying delta_x. 

As delta_x decreases, the manufactured solution converges.  The percent differences 

between the last two manufactured pressure forces for each function are 0.0174% (x
2
), 

0.6952% (exp(x)) (x
3
), and 0.0193%.  Each of the manufactured solutions converges at a differ-

ent rate.  Both P(x)=x
2
 and P(x)=x

3
 converge at about the same rate, and at a much quicker rate 

than P(x)=exp(x).  Since the particle pressure force converges for different pressure distribution 

functions as delta_x decreases, the integration technique described at the beginning of this sec-

tion will be an increasingly accurate approximation of the pressure force as delta_x decreases.  

For the purpose of convenience and speed, however, delta_x is set to 1 on a 102 by 102 grid 

(scaled to 5.0e-08 on a 5.1e-06 by 5.1e-06 grid).   

 

3.4 Chapter Summary 

In Chapter 3, the details of the LIMBES code are discussed, including its capabilities 

and limitations.  The default system in the LIMBES code is modified for a code-developing envi-
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ronment where the system is reduced to 102 by 102 lattice grid points.  A discrete circular parti-

cle is created within the system, and the boundary points of the particle are defined.  The pres-

sure force calculation method is described, and the method for the pressure force calculation is 

verified using the method of manufactured solutions. 
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CHAPTER 4  

MOVING THE PARTICLE IN THE FLOW 

4.1 Introduction 

LIMBES was originally written to calculate micro-channel flow with stationary bounda-

ries.  Therefore, in order for a particle to move in the flow, the location of the particle and its 

boundary needs to be identified as the particle moves from one location to another.  The particle 

is initially programmed to oscillate positive 20 grid points and negative 20 grid points from its 

original location in order to ensure that the particle grid points act as a rigid body, the number of 

particle grid points remains constant, the particle boundary grid points move as a rigid body with 

the particle grid points, and the moving particle and boundary affect the flow in the system.  

Moving the particle is accomplished by restructuring the LIMBES code, modifying the grid-point 

mesh, modifying the boundary locations, and updating the fluid properties for newly-exposed 

fluid points.  This chapter presents a detailed discussion of the particle advection algorithm and 

the modifications implemented in the existing software in order to perform lattice-Boltzmann 

computations with moving boundaries.  Particular care has been taken to ensure that the algo-

rithm is robust and can handle all possible particle displacements and speeds. 

 

4.2 Restructuring LIMBES for Particle Movement 

The file LIMBES_mesh.f90 is the file that defines the mesh for the LIMBES code.  The 

default organization of the LIMBES code is such that the mesh is defined once when time 

equals zero.  Running LIMBES_mesh.f90 in preprocessing establishes grid points within a solid, 

grid points within a fluid, and grid points that are within a fluid at the boundary of a solid.  The 

location and size of the particle are defined in LIMBES_mesh.f90 within “program 
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LIMBES_mesh”.  However, every time the particle changes its location, the mesh needs to be 

redefined.  The code is not initially set up to automatically access preprocessing files. 

A copy of LIMBES_mesh.f90 is relocated to the source directory in order to allow the 

code to have access to the mesh definition after time equals zero.   The source directory con-

tains a Makefile that compiles the files in the directory as well as generates object files for use 

during code execution.  The LIMBES_mesh.f90 file program “LIMBES_mesh” is changed from a 

program to a subroutine with inputs from the main program, including particle location and time 

step.  The source directory make file is then modified to include the source-directory version of 

LIMBES_mesh.f90 as well as its source files copied from the preprocessing directory.  With this 

file located in the source directory, the main program function can access the meshing function 

during each time step. 

 

4.3 Mesh Modifications 

As the particle moves in the flow, the phase flags of the grid points may change.  If the 

particle moves such that a grid point in the fluid becomes inside the area defined as the particle, 

the phase flag of that grid point will change from the fluid flag to the solid flag.  Conversely, if the 

particle moves such that a grid point within the area defined as the particle becomes outside of 

the area defined as the particle, the phase flag of that grid point will change from the solid flag 

to the fluid flag.  This process is shown in Figure 4.1. 
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Figure 4.1 Particle movement in the negative y-direction.  Inverted colors represent grid points 
that have changed phase as a result of the particle moving. 

As the particle moves, the phase of the grid points formerly inside of the particle need to 

be reassigned with a fluid flag (see green “x”s in the right frame of Figure 4.1).  The phase of 

the grid points newly inside of the particle need to be reassigned with a solid flag (see yellow 

“o”s in Figure 4.1).  The phase flag reassignment is accomplished during each time step.  The 

LIMBES_main.f90 file, contained in the main directory, is modified such that it assesses the kin-

ematics of the particle, including calculating the x- and y-location of the particle.  

LIMBES_main.f90 then passes the x- and y-location of the particle to the source directory file 

LIMBES_mesh.f90.   Lines of code were added to the source directory file LIMBES_mesh.f90 

such that the particle shape and location are functions of the x- and y-location of the center of 

the particle.  The particle is assumed to behave as a rigid body such that each solid grid point 

within the particle boundary has the same velocity as the particle center. 

 

4.4 Real-Time Updates to Boundary Point Location 

Along with the particle grid points, the particle boundary points are determined and de-

fined within the file LIMBES_mesh.f90.  The locations of the particle points and the particle 



 

23 
 

boundary points are a function of the location of the center of the particle.  However, LIMBES is 

not initially set up to accommodate moving boundaries.  The main file calls on the subroutine 

LIMBES_init in the source directory to define the initial conditions of the system, including read-

ing in data that defines boundary point location and whether boundary points touch 1 wall or 2 

walls.  The boundary point location and 1 or 2 wall boundary information comes from the file 

“boundary.in” found in the data directory.  Because the particle is moving in the system, the 

LIMBES_init function must be called on each time the mesh is redefined.  Therefore, a line of 

code was added to the main function in the main time loop after the mesh redefinition to call the 

LIMBES_init function.  The LIMBES_init subroutine also uses each grid point’s unique numeri-

cal identifier to identify the grid points that are right, left, above, and below the any given grid 

point. 

 

4.5 Determination of Flow Properties at Newly-Exposed Fluid Points 

At each time step during a simulation, flow properties are calculated for each grid point.  

When the particle moves, the phase flags of the grid points that become inside of the particle 

change from a fluid flag to a solid flag.  Conversely, the phase flags of the grid points that are 

exposed to the fluid as a result of the particle movement change from a solid flag to a fluid flag 

(see Figure 4.1).  These newly-exposed fluid grid points do not have any flow properties associ-

ated with them since they have been contained within the particle.  Two cases are considered.  

First, if the particle moves a distance in a single time step such that the newly exposed grid 

points become fluid boundary points only, then the fluid properties of the newly exposed grid 

points will be defined by the diffuse boundary condition on the boundary of the particle.  Se-

cond, if the particle moves a distance in a single time step such that the newly exposed grid 

points become both fluid boundary points and fluid points beyond the boundary, then a new 

method must be implemented to calculate the flow properties at both newly-exposed fluid 

points; see discussion below.  It should also be considered that as the particle moves through 
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the system under the influence of both aerodynamic and gravitational forces, the fluid flow 

around the particle must behave as though a solid particle is moving through the fluid.  The 

movement of the particle through the system causes the displacement of fluid particles in the 

system.  The movement of the particle will have a similar effect on the fluid properties at the 

computational grid point lattice. 

The fluid properties in LIMBES are stored and updated as separate n-by-1 arrays.  

Each index of these arrays corresponds to specific x- and y-coordinate pair on the computation-

al grid point lattice.  LIMBES assigns an index to each x-/y-coordinate pair starting in the lower 

left-hand corner of the lattice and moving to the upper left-hand corner of the lattice before as-

signing indices to the next lattice column such that the lattice point to the right of the lower left-

hand corner lattice point will follow the upper left-hand corner point in order of indexing.  If there 

is no particle moving through the system, then each indexed value from the fluid property arrays 

will be associated with the same x-/y-coordinate pair for the duration of any simulation.  If a par-

ticle is moving through the system during a simulation, then any given fluid property array index 

will not necessarily be associated with the same x-/y-coordinate pair for the duration of any sim-

ulation. 

Particle movement can cause misalignment of fluid properties in the lattice points that 

are adjacent to the particle if this misalignment is not corrected.  In the time step before the par-

ticle moves, each lattice point is assigned to a certain index in the fluid property arrays.  In the 

middle of the iteration where the particle moves, the new particle center is identified, and the 

system lattice mesh is recreated based on the new location of the particle.  As the new mesh is 

being created, each x-/y-coordinate pair may be assigned a new fluid property array index value 

based on the new location of the particle.  Although the system has received a new mesh, the 

fluid property arrays are still associated with the arrangement of the prior mesh.  This fluid prop-

erty misalignment issue is corrected using both the instantaneous discrete-velocity distribution 
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function and the equilibrium discrete-velocity distribution function.  The lattice mesh points that 

need distribution function realignment are shown in Figure 4.2. 

 

Figure 4.2 Particle before moving (left) showing correct distribution function alignment; particle 
after moving (right) showing lattice mesh points that need to be realigned in blue “x”s. 

Before the main file calculates the mesh for a given iteration, the instantaneous distribu-

tion function values and the equilibrium distribution function values from the previous iteration 

are stored along with the previous fluid property array index values and their associated x-/y-

coordinate pairs.  The new mesh is then calculated, where some of the x-/y-coordinate pairs will 

have been reassigned a new fluid property array index value if the particle has moved since the 

previous iteration.  The new distribution function values, associated with the new lattice mesh, 

are then calculated along with the new fluid property array index values and their associated x-

/y-coordinate pairs. 

The x- and y- coordinates of the current fluid property array index value are then com-

pared with the x- and y-coordinates of the previous fluid property array index value to determine 

if the instantaneous distribution function and the equilibrium distribution function will need to be 

reassigned in the current time step.  If the current fluid property array index value and its asso-

ciate x-/y-coordinate pair do not match the previous fluid property array index value and its as-
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sociated x-y-coordinate pair, both the instantaneous and equilibrium distribution functions will 

need to be reassigned.  For both the instantaneous and equilibrium distribution function, the 

current distribution function for the previous time step’s x-/y-coordinate pair is then set to equal 

the previous distribution function at the same x-/y-coordinate pair. 

Realigning both the instantaneous distribution function and equilibrium distribution func-

tion is also necessary at the particle boundary when the particle moves.  The fluid properties at 

the particle boundary for the current time step are a function of both the instantaneous and equi-

librium distribution functions from the previous time step.  Therefore, if the particle changes lo-

cations between two time steps, the current time step distribution functions will be dependent on 

the distribution functions at the particle boundary from the previous time step.  If the particle 

boundary point moves such that its new location was a fluid point in the previous time step, then 

distribution functions from the previous time step are available to calculate the current time step 

distribution functions.  If the particle boundary moves such that its new location was a solid point 

in the previous time step, then distribution functions from the previous time step are not availa-

ble to calculate the current time step distribution functions.  Figure 4.3 shows which boundary 

points lack previous time step distribution functions. 
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Figure 4.3 Particle boundary points that do not have distribution functions from the previous 
time step (shown in turquoise diamonds). 

The particle boundary points obtain previous time step distribution functions with the 

addition of a routine to the main LIMBES function file that assigns the distribution functions from 

the previous time step to the boundary points during the current time step (at the beginning of 

each iteration), independent of whether the particle has changed its location from the previous 

time step.  This routine reassigns each of the 36 distribution function values, associated with 

both the instantaneous and equilibrium distribution functions, to each of the particle boundary 

points. 

. For the cases where the particle exposes the layer of fluid grid points just beyond it’s bound-

ary, a conventional method for calculating fluid properties for newly-exposed grid points is to 

average the flow properties of the fluid points that were exposed before the movement of the 

particle with any adjacent particle boundary points.  The fluid points that are used for averaging 

may be located any direction (east, northeast, north, northwest, west, southwest, south, or 

southeast) from the newly-exposed fluid points, but must be adjacent to the newly-exposed fluid 

points.  Figure 4.4 illustrates which points’ fluid properties can be averaged to approximate the 
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fluid properties of the newly-exposed fluid points when the particle moves 2 units in the negative 

y-direction (5). 

 

Figure 4.4 Particle with radius = 10 before movement (left) and after moving 2 units in the nega-
tive y-direction (right).  Green “x”s represent newly-exposed fluid points.  Circled magenta “x”s 
are previously exposed fluid points that have fluid properties that are averaged to approximate 

the fluid properties of the newly-exposed fluid points.  Circled red diamonds are particle bounda-
ry points whose fluid properties are averaged together with the fluid properties of the previously 

exposed fluid points. 

If the particle moves 2 units in the negative y-direction, as shown in Figure 4.4, the fluid 

properties of the newly-exposed fluid points are found by taking an equally-weighted average of 

the fluid properties from previously exposed fluid points (circled magenta “x”s) and current parti-

cle boundary points that are adjacent to the newly-exposed fluid points. 

The newly-exposed fluid points are identified as an array, LIMBES_disc_coords_old, in 

the main program file after the particle moves but before the grid point phase flags are as-

signed.  At the time the LIMBES_disc_coords_old array is generated, the phase of each grid 

point within the array is a solid-flagged point.  After the particle moves and the new grid point 

phase flags are assigned, some of the phase flags within the LIMBES_disc_coords_old array 
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will change from solid (0) to fluid (1).  The LIMBES_disc_coords_old array is used to identify 

which grid points need backfilled fluid properties. 

After all of the fluid properties have been calculated for all of the grid points within the 

fluid in the main program file but before the properties are written into output files, the fluid 

properties for the newly-exposed fluid grid points are calculated.  The array LIMBES_backfill is 

allocated based on the number of grid points in the array LIMBES_disc_coords_old that have a 

fluid phase flag.  A do-loop is set up to check each point in the old disc coordinates array 

  LIMBES_backfill has 10 columns – the first two are the x- and y-coordinates (respec-

tively) of the newly-exposed fluid point.  The remaining eight columns, columns 3 through 10, in 

LIMBES_backfill will be assigned “1” if an existing fluid point or current particle boundary point is 

east (column 3), northeast (column 4), north (column 5), northwest (column 6), west (column 7), 

southwest (column 8), south (column 9), or southeast (column 10), or will be assigned “0” oth-

erwise.   

Table 1 LIMBES_backfill array after particle displacement of (0, -2). 

 

For simplicity, it is assumed that the particle will not move more than a distance of 2 

grid points in either the x- or y-direction during one time step.  If the particle moves 2 grid points, 

then the fluid properties for a given newly exposed grid point can be calculated using Equation 

4.1: 

     
∑                
  
     

∑                
  
   

                                                        (   ) 

x y E NE N NW W SW S SE

46 60 1 1 1 1 1 1 1 1

56 60 0 1 1 1 1 1 1 1

48 61 0 1 1 1 0 1 1 1

49 61 0 1 1 1 0 1 1 1

50 61 0 1 1 1 0 1 1 1

51 61 0 1 1 1 0 1 1 1

52 61 0 1 1 1 0 1 1 1

53 61 0 1 1 1 0 1 1 1

54 61 1 1 1 1 1 1 1 1
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Equation 4.1 is used to calculate the distribution function, equilibrium distribution func-

tion, temperature, density, and local x- and y-velocities. 

4.6 Viscous Force and Pressure Force Calculations 

The two aerodynamic forces acting on the particle in the flow are pressure forces and 

viscous forces.  The resultant viscous force acting on the particle is due to the sum of the shear 

forces that are present at each solid-flagged grid point on the outer edge of the particle.  The 

resultant pressure force is due to the sum of the local fluid pressures that are present adjacent 

to each solid-flagged grid point on the outer edge of the particle. 

The deviatoric stress for incompressible flows is shown in Equation 4.2 (9): 

      (       )                                                                (   ) 

which can be evaluated using both the instantaneous distribution function and the equilibrium 

distribution function as shown in Equation 4.3 (9): 
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The term 
 

 
         in Equation 4.3 will always equal 0 in the case of shear stress since 

    is a Kronecker delta and   will not equal   since in the shear stress case, Equation 4.3 will 

equal the off-diagonal terms of the stress tensor where    . 

In order to implement Equation 4.3 in the LIMBES code, the fluid points on the particle 

boundary that are either directly left, right, above, or below a solid boundary portion of the parti-

cle are identified.  This calculation will exclude the particle boundary points that are located di-

agonal from a solid boundary point on the particle.  Fluid boundary points that only share a 

boundary with a solid boundary particle point in one direction (left, right, above, or below) will 

have a shear force in either the x- or y-direction with the other direction having a shear force of 

0.  If the fluid boundary point shares 2 borders with solid boundary particle points, then the cal-

culated shear force at the fluid point will be projected in both the x- and y-directions by multiply-

ing the calculated shear force by    (
 

 
). 
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The resultant pressure force on the particle is calculated using the method described in 

Section 3.3.  The pressure calculated by the LIMBES code at each fluid particle boundary point 

that is normal to a solid boundary point on the particle is multiplied by the    area to calculate 

the magnitude of the pressure force at the fluid boundary point.  This force is then multiplied by 

normal vector that is oriented toward the solid boundary point at the particle boundary.  The 

vector sum of all the pressure forces at the fluid boundary will result in the total pressure force 

on the particle. 

4.7 Particle Kinematic Equations 

The influence of aerodynamic pressure and viscous forces along with gravitational forc-

es will cause the particle to move according to Newton’s 2
nd

 Law of Motion in 2-dimensions for a 

rigid body.  The total viscous force and total pressure force are added together to get the total 

aerodynamic force acting on the particle in the air flow.  The particle is also subject to gravita-

tional force that points in the negative y-direction.  The force on the particle is equal to the time-

rate-of-change of the particle’s momentum as shown in Equation 4.4: 

  
 (  )

  
  

  

  
                                                                 (   ) 

assuming that the mass of the particle does not change with time.  Using separation of varia-

bles, the equations for the velocity of the particle can be obtained, as shown in Equation 4.5: 

  
  

  
 
 

 
                                                                        (   ) 

The initial velocity    of the particle for each simulation is set to 0.  Separation of varia-

bles can be used once again to obtain the equations for the position of the particle, as shown in 

Equation 4.6: 

  
 

 

 

 
                                                                        (   ) 

The initial position of the particle is set to the coordinates (21,51) on the 102 X 102 grid. 
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Since the LIMBES code discretizes both space and time, discrete versions of Equations 

4.5 and 4.6 are used in the LIMBES code.  The discretized versions of Equations 4.5 and 4.6 

are shown in Equations 4.7 and 4.8, respectively: 

  
 

 
                                                                                        (   ) 

  
 

 

 

 
                                                                          (   ) 

In Equations 4.7 and 4.8,    and    equal the particle velocity from the previous itera-

tion and the particle position from the previous iteration, respectively. 

 

4.8 Validation 

The modified LIMBES code is validated as part of the code development process to en-

sure that the results that it produces are credible.  For the validation case, the particle is relo-

cated to the center of the system in order to ensure that the flow has developed on both sides of 

the particle.  In the LIMBES model, the inlet density is set to 1.179 kg/m
2
, the outlet density is 

set to 1.177 kg/m
2
, both the inlet and outlet temperatures are set to 300 K, the boundary condi-

tions for the inlet and outlet are temperature, and imposed temperature/pressure boundaries, 

and the boundary conditions at the particle surface and the 2 walls are diffuse boundaries.  Fig-

ure 4.5 shows the system at steady-state conditions. 
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Figure 4.5 Velocity magnitude plot from LIMBES showing particle (shown as white circle) fixed 
in the center of the system in steady-state conditions for Re=0.05. 

The LIMBES lattice-Boltzmann code was validated against the finite volume CFD algo-

rithm CHOMBO (3).  CHOMBO is an adaptive mesh refinement code based on a hierarchical 

distribution of rectangular grid patches of different refinement levels. Complex boundaries are 

embedded in the grid using the cut-cell approach. The fluxes at the solid surfaces are, thus, 

evaluated using the immersed boundary method.  The solution algorithm is based on a second 

order pressure correction method that leads to an approximate projection of the velocity field in 

the divergence-free space. A steady-state solution was obtained and compared to the LIMBES 

lattice-Boltzmann code in Figure 4.5.  The smallest Reynolds number for which CHOMBO con-

verges to steady state is Re=2/7.  This Reynolds number value is used in the solution repre-

sented in Figure 4.6. 
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Figure 4.6 Velocity magnitude plot from CHOMBO 

The Reynolds number value used in the CHOMBO software is larger than the Reynolds 

number used in the LIMBES lattice-Boltzmann code, which partially justifies the disagreement 

between the two solutions close to the circular particle.  Also, solid surface and constant inflow 

velocity boundary conditions were applied in CHOMBO, whereas local temperature and far-field 

pressure/temperature boundaries were used at the inlet and outlet in the LIMBES code.  Such 

conditions are inconsistent at the left side corners of the physical domain.  This inconsistency 

led to spurious pressure oscillations close to the corners in the CFD solution.  Such oscillations 

are absent in the LIMBES lattice-Boltzmann result.  Notwithstanding these two limitations, the 

two solutions are in satisfactory agreement with respect to both the magnitude and extent of the 

high velocity regions created by the Venturi effect in the channels between the circular particle 

and the system’s top and bottom walls. 

 

4.9 Chapter Summary 

Chapter 4 discusses the restructuring of the LIMBES code such that the system lattice 

mesh can be updated for each time step.  An algorithm is added to the LIMBES lattice code for 
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the code to replace solid-flagged lattice points with fluid-flagged lattice points when the particle 

has moved from one location to another.  Logic is added to the code so that the particle bound-

ary moves as a rigid body with the particle.  If the particle moves the distance of more than one 

lattice grid point in a single time step, the newly exposed lattice fluid-flagged lattice points, out-

side of the particle boundary, will be calculated by taking the average of the fluid properties from 

the previously existing fluid-flagged points.  The mesh is realigned, and some of the distribution 

functions are reassigned to their previous x-/y-coordinate pair if the unique numerical identifier 

of the grid point changes when the particle moves.  For boundary points that become new fluid-

flagged points during particle movement, the distribution functions from the previous location of 

the boundary point are used to calculate the conditions at the same but relocated boundary 

point.  The modified LIMBES lattice-Boltzmann code is validated against a similar case run us-

ing a code called CHOMBO, where the velocity magnitude and extent match well with the re-

sults from the LIMBES code. 
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CHAPTER 5  

SIMULATIONS AND RESULTS 

5.1 Simulation Initialization 

The purpose of these simulations is to analyze how a particle moves through a compu-

tational lattice fluid system.  Since particle advection is the focus, the particle size relative to the 

system was chosen such that the diameter of the particle is about 20% of the length and width 

of the system.  All simulations were conducted on a 102-node by 102-node computational lat-

tice.  All flow visualization was created using MATLAB. 

 

Figure 5.1 Example of particle advecting from left to right through the system (screen shot from 
Table 2 case 4). 

The system is set up such that the system inlet is on the left-hand side and the system 

outlet is on the right-hand side.  In order to induce a left-to-right flow through the system, the 

system inlet boundary is set to have a higher density that the system outlet while the tempera-
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ture at both the system inlet and outlet is set to 300 K.  The simulation runs for a maximum of 

10,000 time steps.  However, if the boundary of the particle contacts one of the other bounda-

ries in the system, for example the outlet boundary, then the simulation stops.  Information from 

100 off the 10,000 time steps is stored in order to limit the amount of stored data required for 

post processing.  The default LIMBES quadrature order of 6 is used for each simulation.  The 

quadrature order is critical in determining which order Hermite polynomial is chosen to calculate 

Maxwellian distribution function values as well as specifying the number of discrete velocities 

associated with each lattice node.  The user also specifies the ratio 
  

 
 where    is the duration 

of each time step and   is the collision time, or the time it takes for the fluid to return to an equi-

librium state after a collision.  For each simulation, the 
  

 
 ratio is chosen to be 0.1.  Additionally, 

the transport scheme is selected as Lax-Wendroff, the system is chosen to be thermal (as op-

posed to isothermal), and the gas constant of the system is set to 287 J/K/kg. 

Three masses are chosen for the simulations: 1.0e-16 kg, 1.0e-15 kg, and 1.0e-12 kg 

with each particle having the density of graphite – approximately 2000 kg/m
3
.  For the simula-

tions where the particle mass is either 1.0e-16 kg or 1.0e-15 kg, the spacing between lattice 

nodes,   , is 5.0e-8 m where      .  The    spacing for the simulation with the particle mass 

of 1.0e-12 kg is 9.8e-6 m.  Different system sizes are chosen in order to evaluate the capacity of 

the modified LIMBES code to run simulations of systems that are of different scales.  Although 

the system    value changes between some of the simulations, the computational system re-

mains a 102-node by 102-node lattice mesh.  For the 1.0e-16 kg and 1.0e-15 kg particle mass 

simulations, the physical system dimensions are 5.1 m by 5.1 m, and for the 1.0e-12 kg parti-

cle mass simulation, the physical system dimensions are 1mm by 1mm.  For the 1.0e-16 kg and 

1.0e-15 kg particle mass simulations, the particle radius is 0.5 m, and for the 1.0e-12 kg parti-

cle mass simulation, the particle radius is 98 m.  For the lattice-Boltzmann method, the Reyn-

olds number is calculated using Equation 5.1 (4): 
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√   

 
                                                                             (   ) 

Particles of the aforementioned masses are chosen for the simulations in order to 

closely evaluate the motion of the particle in the system since the particle diameter is about 

20% the length and width of the system.  The small size of the system imposes some limitations 

on some of the simulation parameters.  If the inlet density is set too high relative to the outlet 

density, the system can become unstable because the length of the system will restrict the al-

lowable pressure difference between the system inlet and outlet.  The simulation time was lim-

ited to a maximum of one hour per simulation in order to facilitate multiple simulation runs.  The 

inlet densities, outlet densities, and particle masses were selected such that the particle is able 

to move across the system while the fluid flow develops. 

 

5.2 Simulation Results 

After the code has been initialized, LIMBES reads the previously-specified simulation 

parameters and fluid from the input deck fluid_parameters.in.  Each of the three simulations is 

initially set up as shown in Figure 5.2. 
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Figure 5.2 Initial system configuration. 

The first simulation set has the boundary and initial conditions listed in Table 2. 

Table 2 Initial conditions and boundary conditions for first simulation set. 

 

The LIMBES code is run 5 times with a particle mass of 1.0e-16 kg with one simulation 

for each inlet density case.  These cases are considered isothermal, so the higher inlet densi-

ties actually correlate to higher inlet pressures.  The following data is collected during each sim-

ulation: x-direction viscous force vs. angular position on particle, y-direction viscous force vs. 

angular position on particle, x-direction pressure force vs. angular position on particle, y-

direction pressure force vs. angular position on particle, x-force vs. time, and x-position vs. time, 

x-velocity vs. time.  Note that horizontal and vertical forces are defined in this context as 

     ( ̿   ⃗ )       (     ), where  ̿ is either the isotropic (pressure) or deviatoric (viscous) part 

Simulation 

Number

BC

inlet

rho_inlet 

(kg/m3)

T_inlet

(K)

BC

outlet

rho_outlet

(kg/m3)

T_outlet

(K)

BC

upper

wall

T_upper_wall

(K)

BC

lower

wall

T_lower_wall

(K)

rho_0

(kg/m3)

T_0

(K)

Reynolds

Number

1 PT, T 1.191 300 PT, T 1.177 300 T 300 T 300 1.177 300 1.122E-01

2 PT, T 1.203 300 PT, T 1.177 300 T 300 T 300 1.177 300 1.297E-01

3 PT, T 1.214 300 PT, T 1.177 300 T 300 T 300 1.177 300 1.497E-01

4 PT, T 1.226 300 PT, T 1.177 300 T 300 T 300 1.177 300 1.746E-01

5 PT, T 1.238 300 PT, T 1.177 300 T 300 T 300 1.177 300 1.996E-01

Particle Mass = 1.0e-16 kg
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of the stress tensor,  ⃗  is the normal vector to the particle surface, and        are the unit vectors 

in the x- and y-directions, respectively.  The viscous forces in the x- and y-directions on the par-

ticle and the pressure forces in the x- and y-directions on the particle, for the cases shown in 

Table 2, are shown in Figure 5.3, Figure 5.4, Figure 5.5, and Figure 5.6, respectively.  
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Figure 5.3 Viscous force in x-direction versus angular position for particle with mass 1e-16 kg. 

 

Figure 5.4 Viscous force in y-direction versus angular position for particle with mass 1e-16 kg.  
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Figure 5.3 shows the viscous force in the x-direction versus the angular position on the 

particle for each of the 5 inlet density cases shown in Table 2.  As the inlet density increases, 

the viscous force in the x-direction on the particle increases as well.  The 0, 
 

 
  , and 

  

 
 angular 

positions referenced in Figure 5.3, Figure 5.4, Figure 5.5, and Figure 5.6 are the west, south, 

east, and north locations on the particle.  The flat regions of the plots, where the viscous force in 

the x-direction is either zero, or near zero, represent the vertical edges of the particle on both 

the left and right hand sides of the particle.  Because these edges of the particle are vertical, no 

viscous force in the x-direction exists in this location.  As the angular position on the particle 

increases from 0 to 
 

 
, the viscous force increases due to the increase in the number of horizon-

tal tiles on the particle.  The first peak in the curve at around 
 

 
 radians is the lowest edge of the 

particle.  Because this edge is primarily horizontal, this edge will experience relative maximum 

in terms of viscous force in the x-direction. 

After the local maximum, the viscous force in the x-direction decreases as the number 

of horizontal tiles on the particle decrease from 
 

 
 to   radians.  Around   radians, there are 

mostly vertical tiles on the surface of the particle where viscous stress in the x-direction is 0.  

From   to 
  

 
 radians, there is an increase in the number of horizontal tiles on the surface of the 

particle.  Therefore, the viscous stress on the particle increases from   to 
  

 
 radians.  At the top 

edge of the particle, or 
  

 
 radians, only horizontal tiles are present on the particle such that 

there viscous force on the particle in the x-direction experiences a second relative maximum 

before the viscous force in the x-direction decreases to 0 at the left edge of the particle.  It is 

also worth noting that the viscous force profile on the particle in the x-direction increases linearly 

as the inlet density increases linearly.  Although the system and particle are symmetric, the 

peaks in the x-direction viscous force are not the same magnitude due to numerical error. 

Figure 5.4 shows the viscous force in the y-direction versus the angular position on the 

particle for each of the 5 inlet density cases shown in Table 2.  The magnitude of the viscous 
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force in the y-direction increases linearly as the inlet density increase linearly.  From the left 

edge of the particle to the bottom edge of the particle (0 to 
 

 
 radians), the y-direction viscous 

force initially oscillates close to zero before becoming increasingly negative.  Both positive and 

negative y-direction viscous forces are present on the left edge of the particle because this edge 

is acting as a stagnation wall.  As radians increase from 0 to 
 

 
, horizontal and vertical tiles are 

interspersed on the southwest quadrant of the particle allowing for both higher flow velocity and 

higher viscous force magnitude in the y-direction.  The y-direction viscous force continues to 

increase in magnitude until it reaches a local minimum at the last vertical tile before the horizon-

tal bottom edge, which experiences no viscous force in the y-direction. 

The y-direction viscous force between 
 

 
 and   reaches a local maximum at the first ver-

tical tile after the last horizontal tile on the bottom side of the particle.  The viscous force in the 

y-direction decreases as the angle from the orientation location approaches 
 

 
.  Between 

 

 
 and 

 , the viscous force in the y-direction is positive since the flow follows the curvature of the parti-

cle in the positive y-direction.  On the right vertical edge of the particle, the flow over the top of 

the particle is meeting the flow over the bottom of the particle, resulting in some oscillatory be-

havior for the y-direction viscous force. 

The angles between   and 
  

 
 experience negative y-direction viscous force that in-

creases in magnitude as the angle approaches 
  

 
 with a local minimum at the last vertical tile 

before the top horizontal edge of the particle.  At this location, the flow just beyond the particle’s 

surface is beginning to turn in the negative y-direction although the horizontal top edge of the 

particle experiences no y-direction viscous force.  The angles between 
  

 
 and 0 experience an-

other local maximum at the first vertical tile beyond the horizontal top edge of the particle before 

tapering off to 0 at the leading vertical edge of the particle.  The difference between the y-

direction viscous force on the top half of the particle and the bottom half of the particle can be 

attributed to numerical error. 
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Figure 5.5 and Figure 5.6 show the pressure force distribution on the particle for the 

cases in Table 2. 

 

Figure 5.5 Pressure force in x-direction versus angular position for particle mass 1e-16 kg. 

 

Figure 5.6 Pressure force in y-direction versus angular position for particle mass 1e-16 

kg.  



  

45 
 

Because the particle is composed of only horizontal and vertical tiles, pressure force in 

the x-direction will only be applied to vertical tiles (see Section 3.3 ).  In Figure 5.5, angular loca-

tions with horizontal tiles only will register no pressure force in the x-direction. 

The high positive pressure force at the left edge of the particle is due to the negative di-

rection of the outward facing normal vector at the surface of the vertical tiles.  The pressure 

force is approximately uniform between the angular positions 0 and 
 

 
 radians since the pressure 

in the flow is approximately uniform in the locations of the vertical tiles.    The rationale is that in 

the lattice-Boltzmann code, the pressure is the thermodynamic value rather than the hydrody-

namic counterpart.  At the low Mach numbers typical of mesoscale advection, it is expected that 

the thermodynamic pressure is approximately uniform in the flow field.  Therefore, the variations 

in pressure force are mainly due to changes in the projection of the tile on the x-/y-direction.  

The pressure force in the x-direction on the bottom surface of the particle, when the angular 

position is close to 
 

 
 radians, is 0 because there are no vertical tiles for x-pressure force to act.  

Between 
 

 
 and   radians, the x-direction pressure force is approximately equal in magnitude to 

the x-pressure force between 0 and 
 

 
 radians, but because the outward-facing normal vector on 

the vertical tiles is the opposite direction, the x-direction pressure force in this region is negative.  

Between   and 
  

 
 radians, the pressure force continues to be uniform with the pressure force 

between 
 

 
 and   radians since the pressure near the surface of the particle is approximately 

uniform.  However, between 
  

 
 and    radians, the outward-facing normal vectors of the vertical 

tiles again point toward the negative x-direction, adding a positive pressure force in the x-

direction to this region of the particle. 

In Figure 5.6, the pressure force in the y-direction is plotted against the angular position 

on the particle surface.  Between angular positions 0 and  , the pressure near the surface of the 

particle is approximately uniform and the outward-facing normal vectors on the horizontal tiles 

point in the negative y-direction.  Therefore, the y-direction pressure force in this region of the 
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particle surface is positive.  The left and right edges of the particle will experience no pressure 

force in the y-direction since the tiles in these regions are only vertical.  However, between   

and   , the pressure force on the particle is approximately the same magnitude as the pressure 

force on the particle between 0 and  , but the pressure force is negative instead.  The y-

direction pressure force in the region between   and    is negative because the pressure near 

the surface of the particle is approximately uniform, and the outward facing normal vectors of 

the horizontal particles point in the positive direction. 

In both Figure 5.5 and Figure 5.6, the largest difference in the pressure profiles be-

tween the different inlet density cases occurs at the leading edge (left side) of the particle.  Be-

cause this edge of the particle is flat and vertical, it acts as a stagnation point for the flow, result-

ing in higher pressure magnitudes as the inlet density increases due to the higher flow veloci-

ties. 

Figure 5.7, Figure 5.8, and Figure 5.9 illustrate how the x-position of the particle chang-

es with time, how the x-velocity of the particle changes with time, and how the total force on the 

particle in the x-direction changes with time. 
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Figure 5.7 X-position versus time for particle mass of 1e-16 kg. 

 

Figure 5.8 X-velocity versus time for particle mass of 1e-16 kg. 
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Figure 5.9 Total force in x-direction versus time for particle mass of 1e-16 kg. 

Figure 5.7 shows how the 1e-16 kg particle time-dependent x-position in the system for 

each of the 5 inlet densities.  As inlet density increases, the particle reaches any given x-

position at a faster rate than a case run with a lower inlet density.  However, as the inlet density 

increases linearly, the time that it takes the particle to reach the same x-location decreases non-

linearly such that the difference in arrival times will decrease as the inlet density is increased 

between cases. 

  The particle trajectory initially is parabolic as it is accelerated by the flow, but the tra-

jectory approaches linearity as time increases and the particle velocity approaches the flow ve-

locity. 

Figure 5.8 illustrates how the particle velocity changes with time for each of the 5 cases 

in Table 2.  For each of the 5 inlet density cases, the particle velocity is initially near 0 before 

briefly accelerating rapidly.  After this brief period of rapid acceleration, the rate of velocity in-

crease decreases for a period of time before slightly increasing for the remaining time of the 
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simulation.  The first rapid velocity increase is due to the moving flow initially encountering the 

surface of the particle and moving it from rest.  The changes in the velocity rate during the latter 

parts of the simulation are due to high velocity regions of the flow moving around in the system.  

These high velocity regions move around as the system approaches equilibrium but remain in 

place after the system reaches equilibrium.  The x-velocity curves in Figure 5.8 show the same 

trend as the x-position curves in Figure 5.7 - as inlet density increases, the particle reaches any 

given x-velocity at a faster rate than a case run with a lower inlet density.  However, as the inlet 

density increases linearly, the time that it takes the particle to reach the same x-velocity de-

creases nonlinearly such that the difference in x-velocity arrival times will decrease as the inlet 

density is increased between cases. 

Figure 5.9 illustrates how the total x-force on the particle changes with time for each of 

the 5 inlet density cases in Table 2.  The force initially reaches a maximum shortly after the 

moving flow begins to exert viscous and pressure forces on the particle.  However, the force on 

the particle then decreases and becomes constant as the high-velocity region of the flow moves 

past the particle to the right-hand-side of the system.  After the high-velocity flow region bounc-

es back to the left-hand-side of the system, the movement of the high-velocity flow region back 

to the right is responsible for the next increase and spike in the total x-force on the particle. 

The increase in inlet density results in an increase in x-force that is close to linear.  

However, the x-force increase is the most linear just before the x-force on the particle ceases to 

be constant.  The second increase in x-force on the particle also varies with the inlet density.  

As the inlet density increases relative to the outlet density, the particle will experience a greater 

change in the x-force rate as the high-velocity region begins to exert its force on the particle as 

the system moves toward equilibrium. 

Figure 5.9 also shows some oscillatory behavior that increases in frequency with time in 

the total x-direction force time history on the particle for each of the inlet densities.  Each of the 

oscillations occurs when the particle moves, in discrete increments, from one grid point to an-
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other.  In the time step that occurs after the particle’s arrival at its new location, the particle will 

experience a brief increase in the total x-force due to the numerical adjustments that have been 

added to the LIMBES code. 

The second simulation set has the initial and boundary conditions as shown in Table 2. 

Table 3 Initial conditions and boundary conditions for second simulation set. 

 

The second set of simulations are run with the same boundary conditions as the first set 

of simulations except the mass is increased by one order of magnitude from 1e-16 kg to 1e-15 

kg.  The simulations are run with a greater mass in order to analyze the effects that a greater 

particle mass will have on the viscous force profiles, the pressure force profiles, the particle tra-

jectory, how the particle velocity changes with time, and how the force on the particle changes 

with time. 

Figure 5.10, Figure 5.11, Figure 5.12, and Figure 5.13 show the viscous force profile on 

the particle in the x-direction, viscous force profile on the particle in the y-direction, pressure 

force on the particle in the x-direction, and pressure force on the particle in the y-direction, re-

spectively, for a particle of mass 1e-15 kg.  

Simulation 

Number

BC

inlet

rho_inlet 

(kg/m3)

T_inlet

(K)

BC

outlet

rho_outlet

(kg/m3)

T_outlet

(K)

BC

upper

wall

T_upper_wall

(K)

BC

lower

wall

T_lower_wall

(K)

rho_0

(kg/m3)

T_0

(K)

Reynolds

Number

1 PT, T 1.191 300 PT, T 1.177 300 T 300 T 300 1.177 300 1.372E-01

2 PT, T 1.203 300 PT, T 1.177 300 T 300 T 300 1.177 300 1.696E-01

3 PT, T 1.214 300 PT, T 1.177 300 T 300 T 300 1.177 300 1.946E-01

4 PT, T 1.226 300 PT, T 1.177 300 T 300 T 300 1.177 300 2.245E-01

5 PT, T 1.238 300 PT, T 1.177 300 T 300 T 300 1.177 300 2.494E-01

Particle Mass = 1.0e-15 kg
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Figure 5.10 Viscous force in x-direction versus angular position for particle mass 1e-15 kg. 

 

Figure 5.11 Viscous force in y-direction versus angular position for particle mass 1e-15 kg.  
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Figure 5.10 shows the viscous force in the x-direction versus the angular position on the 

particle for each of the 5 inlet density cases shown in Table 3.  As with the particle mass of 1e-

16 kg case, the inlet density increases lead to an increase in the viscous force in the x-direction 

on the particle as well.  No viscous forces in the x-direction are present on vertical tiles since 

any viscous force on these tiles would be in the y-direction.  The maximum viscous forces in the 

x-direction are present on the bottom surface and the top surface for the same reasons that 

these are areas of maximum viscous force in the x-direction for the 1e-16 kg mass particle. 

There are differences in the x-direction viscous force profiles for the 1e-16 kg particle 

and the 1e-15 kg particle.  By comparing Figure 5.10 and Figure 5.3, it is evident that the mag-

nitudes of the x-direction viscous forces are greater on the 1e-15 kg particle than on the 1e-16 

kg particle.  Because the 1e-15 kg particle has more mass but is subjected to the same bounda-

ry conditions as the 1e-16 kg particle, the particle will have a lower velocity when moving under 

the influence of the same aerodynamic forces.  The lower particle velocity relative to the flow 

velocity will incur a greater viscous force on the surface of the particle, resulting in an x-direction 

viscous force profile that is greater in magnitude than the x-direction viscous force profile for the 

1e-16 kg particle. 

Figure 5.11 shows the viscous force in the y-direction versus the angular position on the 

particle for each of the 5 inlet density cases shown in Table 3.  As with the y-direction viscous 

force for the 1e-16 kg particle, the magnitude of the viscous force in the y-direction increases 

linearly as the inlet density increase linearly.  No viscous forces in the y-direction are present on 

the top and bottom surfaces of the particle since any viscous force on these horizontal tiles 

would be in the x-direction.  The maximum y-direction viscous force magnitudes are present just 

beyond the horizontal top and bottom edges of the particle for the same reasons on the 1e-15 

kg particle that they are on the 1e-16 kg particle. 

There are differences in the y-direction viscous force profiles for the 1e-16 kg particle 

and the 1e-15 kg particle.  By comparing Figure 5.11 and Figure 5.4, it is evident that the mag-
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nitudes of the y-direction viscous forces are greater on the 1e-15 kg particle than on the 1e-16 

kg particle.  Because the 1e-15 kg particle has more mass but is subjected to the same bounda-

ry conditions as the 1e-16 kg particle, the particle will have a lower velocity when moving under 

the influence of the same aerodynamic forces.  The lower particle velocity relative to the flow 

velocity will incur a greater viscous force on the surface of the particle, resulting in a y-direction 

viscous force profile that is greater in magnitude than the y-direction viscous force profile for the 

1e-16 kg particle. 

Figure 5.12 and Figure 5.13 show the pressure force distribution on the particle for the 

cases in Table 3. 
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Figure 5.12 Pressure force in x-direction versus angular position for particle mass 1e-15 kg. 

 

Figure 5.13 Pressure force in y-direction versus angular position for particle mass 1e-15 kg. 
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The pressure force profiles on the 1e-15 kg particle, shown in Figure 5.12 and Figure 

5.13, are the same as the pressure force profiles shown for the 1e-16 kg particle in Figure 5.5 

and Figure 5.6.  The pressure force profiles are the same because the boundary conditions for 

the system are the same and the particle geometry is the same. 

Figure 5.14, Figure 5.15, and Figure 5.16 show the x-position vs. time for the 1e-15 kg 

particle, x-velocity vs. time for the 1e-15 kg particle, and total x-force vs. time for the 1e-15 kg 

particle.  
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Figure 5.14 X-position versus time for particle mass 1e-15 kg. 

 

Figure 5.15 X-velocity versus time for particle mass 1e-15 kg. 
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Figure 5.16 Total force in x-direction versus time for particle mass 1e-15 kg. 

Figure 5.14 shows how the 1e-15 kg particle time-dependent x-position in the system 

for each of the 5 inlet densities.  The x-position time history for the 1e-15 kg particle shows a 

similar trend to the 1e-16 kg particle x-position time history shown in Figure 5.7.  As inlet density 

increases, the particle reaches any given x-position at a faster rate than a case run with a lower 

inlet density.  However, as the inlet density increases linearly, the time that it takes the particle 

to reach the same x-location decreases nonlinearly such that the difference in arrival times will 

decrease as the inlet density is increased between cases.  The particle trajectory initially is par-

abolic as it is accelerated by the flow, but the trajectory approaches linearity as time increases 

and the particle velocity approaches the flow velocity. 

There are differences between the x-position time history for the 1e-16 kg particle and 

the x-position time history for the 1e-15 kg particle.  To arrive at the same x-position, the 1e-15 

kg particle will take approximately 2.5 times longer due to its larger mass.  The larger particle 
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mass requires greater aerodynamic force to move the particle, which at this scale, is due to a 

lower particle velocity relative to the flow velocity resulting in a greater viscous force. 

Figure 5.15 illustrates how the particle velocity changes with time for each of the 5 cas-

es in Table 3.  The x-velocity time history for the 1e-15 kg particle shows a similar trend to the 

1e-16 kg particle x-velocity time history shown in Figure 5.8.  For each of the 5 inlet density 

cases, the particle velocity is initially near 0 before briefly accelerating rapidly.  After this brief 

period of rapid acceleration, the rate of velocity increase decreases for a period of time before 

slightly increasing for the remaining time of the simulation.  The difference between the x-

velocity time histories in Figure 5.15 and Figure 5.8 is that for any given time during the simula-

tion, the 1e-16 kg particle will have an x-velocity that is approximately 2.5 times greater than the 

x-velocity of the 1e-15 kg particle.  The velocity of the 1e-15 kg mass is lower during the simula-

tion due because of it has a greater mass and the system boundary conditions are the same as 

they were for the 1e-16 kg particle simulations. 

Figure 5.16 illustrates how the total x-force on the particle changes with time for each of 

the 5 inlet density cases in Table 3.  The total x-force time history for the 1e-15 kg particle 

shows a similar trend to the 1e-16 kg particle total x-force time history shown in Figure 5.9.  The 

force initially reaches a maximum shortly after the moving flow begins to exert viscous and 

pressure forces on the particle before the x-force decreases and becomes constant then in-

creases for the remainder of the simulation.  Comparing Figure 5.16 and Figure 5.9, it is ob-

served that the 1e-16 kg particle and the 1e-15 kg particle experience the same total x-force but 

at different time during the simulation.  The lower velocity 1e-15 kg particle has approximately 

the same total x-forces, but experiences them at later times in the simulation.  Also, the x-forces 

on the 1e-15 kg particle reach greater values during the simulation because the simulation dura-

tion is greater, and the particle continually accelerates.   

Table 4 shows the initial and boundary conditions for the third simulation set. 
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Table 4 Initial conditions and boundary conditions for the third simulation set. 

 

Figure 5.17, Figure 5.18, Figure 5.19, and Figure 5.20 show the viscous force profile on 

the particle in the x-direction, viscous force profile on the particle in the y-direction, pressure 

force on the particle in the x-direction, and pressure force on the particle in the y-direction, re-

spectively, for a particle of mass 1e-12 kg. 

Simulation 

Number

BC

inlet

rho_inlet 

(kg/m3)

T_inlet

(K)

BC

outlet

rho_outlet

(kg/m3)

T_outlet

(K)

BC

upper

wall

T_upper_wall

(K)

BC

lower

wall

T_lower_wall

(K)

rho_0

(kg/m3)

T_0

(K)

Reynolds

Number

1 PT, T 1.584 300 PT, T 1.177 300 T 300 T 300 1.177 300 5.987E-01

2 PT, T 1.617 300 PT, T 1.177 300 T 300 T 300 1.177 300 6.386E-01

3 PT, T 1.650 300 PT, T 1.177 300 T 300 T 300 1.177 300 6.885E-01

4 PT, T 1.683 300 PT, T 1.177 300 T 300 T 300 1.177 300 6.984E-01

5 PT, T 1.716 300 PT, T 1.177 300 T 300 T 300 1.177 300 7.483E-01

Particle Mass = 1.0e-12 kg



  

60 
 

 

Figure 5.17 Viscous force in x-direction versus angular position for particle mass 1e-12 kg. 

 

Figure 5.18 Viscous force in y-direction versus angular position for particle mass 1e-12 kg.  
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Figure 5.17 shows the viscous force in the x-direction versus the angular position on the 

particle for each of the 5 inlet density cases shown in Table 4 for a 1e-12 kg particle.  The x-

direction viscous force profile has the same shape for the same reasons as the x-direction vis-

cous force profiles shown in Figure 5.3 and Figure 5.10, but the magnitudes of the x-direction 

viscous forces are one order of magnitude lower.  The lower x-direction viscous force on the 

particle is due to the value of   that is used for the 1e-12 kg particle simulations.  Note that   is 

the relaxation time of the collision operator described in Chapter 2.  This value of  , 1.82e-8 se-

conds, is exactly two orders of magnitude larger than the   that the 1e-16 kg particle and 1e-15 

kg particle simulations use.  From Equation 4.3, it is observed that an increase in   will de-

crease viscous stress. 

Figure 5.18 shows the viscous force in the y-direction versus the angular position on the 

particle for each of the 5 inlet density cases shown in Table 4 for the 1e-12 kg particle.  As with 

the x-direction viscous force on the 1e-12 kg particle, the y-direction viscous force profile has 

the same shape for the same reasons as the y-direction viscous force profiles shown in Figure 

5.4 and Figure 5.11, but the magnitudes of the y-direction viscous forces are one order of mag-

nitude lower.  The lower y-direction viscous force on the particle is due to a   that is used for the 

1e-12 kg particle simulations.  This  , 1.82e-8 seconds, is exactly two orders of magnitude larg-

er than the   that the 1e-16 kg particle and 1e-15 kg particle simulations use.  From Equation 

4.3, it is observed that an increase in   will decrease viscous stress. 

Figure 5.19 and Figure 5.20 show the pressure force on the 1e-12 kg particle for the 

cases shown in Table 4. 
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Figure 5.19 Pressure force in x-direction versus angular position for particle mass 1e-12 kg. 

 

Figure 5.20 Pressure force in y-direction versus angular position for particle mass 1e-12 kg.  
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In Figure 5.19 the x-direction pressure force on the particles with lower mass is the 

same for a given inlet density because neither the size of the system, nor the size of the parti-

cle, changes.  However, for the 1e-12 kg particle case, the system size is larger, the particle 

size is larger, and the inlet densities are greater for all 5 simulations.  For this case, the larger 

system size means a larger  x spacing in the system and a larger  x.  The greater inlet densi-

ties, coupled with the larger  x, result in a greater x-direction pressure force profile on the parti-

cle. 

In Figure 5.20, the y-direction pressure force on the particles with lower mass is the 

same for a given inlet density because neither the size of the system, nor the size of the parti-

cle, changes.  However, for the 1e-12 kg particle case, the system size is larger, the particle 

size is larger, and the inlet densities are greater for all 5 simulations.  For this case, the larger 

system size means a larger  x (where  x=  y) spacing in the system and a larger  x.  The 

greater inlet densities, coupled with the larger  x, result in a greater y-direction pressure force 

profile on the particle. 

Figure 5.21, Figure 5.22, and Figure 5.23 show the x-position vs. time for the 1e-12 kg 

particle, the x-velocity vs. time for the 1e-12 kg particle, and the total x-force vs. time for the 1e-

12 kg particle for the 5 different inlet density cases shown in Table 4. 
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Figure 5.21 X-position versus time for particle mass 1e-12 kg. 

 

Figure 5.22 X-velocity versus time for particle mass 1e-12 kg. 
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Figure 5.23 Total force in x-direction versus time for particle mass 1e-12 kg. 

When comparing Figure 5.21 to Figure 5.14 and Figure 5.7, one of the greatest differ-

ences is the greater amount of time that it takes for the 1e-12 kg particle to traverse the length 

of the system.  The greater amount of time required to traverse the length of the system is due 

to a greater system size (1 mm instead of 5  m) and a greater particle mass.   

When comparing Figure 5.22 to Figure 5.15 and Figure 5.8, it is noticeable that they ve-

locities reached by the 1e-12 kg particle are between 2 and 3 orders of magnitude lower than 

the velocities reaches by the 1e-15 kg and 1e-16 kg particles.  The greater mass of the 1e-12 

kg particle, compared with the masses of the 1e-15 kg and 1e-16 kg particle, is responsible for 

the particle velocity being 2 to 3 orders of magnitude lower. 

Figure 5.23 can be compared with Figure 5.16 and Figure 5.9 to examine how the x-

direction total force time history for the 1e-12 kg particle compares with the x-direction total 

force time histories of the 1e-15 kg and 1e-16 kg particles.  The magnitudes of the total x-forces 

reached in Figure 5.23 are one order of magnitude less than the total x-forces reached in Figure 
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5.16 and Figure 5.9 because the 1e-12 kg particle will experience viscous forces that are 1 or-

der of magnitude less than the viscous forces experienced by the 1e-15 kg particle and the 1e-

16 kg particle.  However, all three figures show the same trends for the total x-force time history 

on the particle.  The longer duration of the 1e-12 kg particle simulations reveal how the particle 

in the lower mass cases would behave if it were moving slower, since the initial time history pro-

file of the total x-force in Figure 5.23 resembles the profiles shown in both Figure 5.16 and Fig-

ure 5.9. 

Figure 5.24 shows the particle in the system after 4 time steps for each of the 15 cases. 
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Figure 5.24 Screen shots showing particle (white circle) after 400 time steps for each case 
showing velocity magnitude.  1

st
 column: 1-e16 kg particle, cases 1-5; 2

nd
 column: 1e-15 kg par-

ticle, cases 1-5; 3
rd

 column: 1e-12 kg particle, cases 1-5. 

 

5.3 Recommendations for Future Work 

The eventual purpose of this code development is to analyze and evaluate soot particle 

deposition in a Diesel filter.  All of the objectives identified in section 1.3 have been accom-
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plished.  Although the extent of this research is covers several topics, and the particle advection 

capability has been developed from an open-source channel-flow analysis lattice-Boltzmann 

code, there is still much work to be done in order for this code to be able to simulate a particu-

late filter.  The LIMBES code needs to be modified to be able to simulate multiple particles in 

the system simultaneously, and also have the capability to simulate particle-wall elastic colli-

sions where the fluid will move into the space between the wall and the particle after the particle 

leaves the wall.  A graphical user interface (GUI) would be helpful for both future developers 

and future users of the modified LIMBES code.  Input variables would need to allow the user to 

set boundary conditions and locations as well as system size, simulation parameters, and fluid 

parameters. 

The code will need to be able to simulate Brownian motion of particles in the system by 

modifying the momentum equation such that it will have a stochastic component to modify the 

post-collision discrete velocity distribution.  The inclusion of thermophoresis forces is also nec-

essary for analyzing and evaluating soot particle deposition in a Diesel filter. 

A collision algorithm will also be necessary to simulate soot particle deposition.  This 

collision algorithm will simulate van der Waals forces, Coulomb forces, and lubrication forces 

between particles in the system.  In order to properly model soot chemistry, an appropriate 

model for soot particle kinetic rates of oxidation will be needed in the LIMBES code as well. 
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