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Introduction 
Gas-solid systems are commonly encountered in the chemical and 

petrochemical, food and mineral processing and pharmaceutical industries. 
Their applications include fluid catalytic cracking, drying operations, mixing 
and granulation and the transport of granular material and fine powders 
through pipelines. In particular, the pneumatic transport of granular material is 
a common operation frequently employed to transport solid particles from one 
location to another. Some of the advantages associated with this method of 
solid transportation include relatively high levels of safety, low operational 
costs, flexibility of layout, ease of automation and installation and low 
maintenance requirements. On the other hand, one of the main 
disadvantages of pneumatic transport is the occurrence of attrition of the 
granular material, especially at high conveying velocities. This may result in 
severe degradation of product quality in certain industrial applications and 
possibly unpredictable changes in flow behaviors within the conveying 
pipelines. Depending on the system geometry, gas velocities and material 
properties of the solid particles to be transported, such transportation 
processes can take place in different modes usually referred to as dense or 
dilute-phase conveying. The former involves transportation of the solids as 
dense clusters or slugs and is usually the preferred method for handling solids 
which are sensitive to abrasion as shear and collisional forces arising within 
the solid material are generally lower. In comparison, the latter mode where 
particles are dispersed as a suspension in the gas is known to be a more 
stable mode with lower fluctuations and excursions in gas pressures. 
 

Numerical modeling of pneumatic conveying and other gas-solid 
systems plays an important role in improving our understanding of such 
systems. One of the commonly used approaches to pneumatic conveying 
modeling is the Eulerian/Lagrangian method where particles are tracked in a 
Lagrangian frame of reference either individually or as groups with identical 
properties known as parcels.1, 2 An alternative approach has been 
Computational Fluid Dynamics (CFD) with two-fluid continuum models to 
represent the gas and solid phases as two interpenetrating continua.3 Further, 
the technique of particle dynamics simulation has also been widely used for 
investigations of granular and gas-solid systems. In particular, the Discrete 
Element Method (DEM) originally developed by Cundall and Strack4 for 
describing the mechanical behavior of assemblies of discs and spheres, has 
been successfully applied by many research workers in various areas of 
engineering interests. Tsuji et al.5 carried out numerical simulations of 
horizontal pneumatic conveying of solid particles using DEM and showed that 
particles moved in the form of plugs in the conveying pipe. Several research 
workers have also applied the approach of combining DEM with CFD to the 
simulation of two-dimensional fluidized beds.6–10 Li and Mason11 used the 
same approach to model heat transfer between gas, solid particles and pipe 
wall in a pneumatic conveying system. Han et al.12 simulated the flow of salt 
particles through a dilute phase pneumatic conveying system to predict 
particle attrition and breakage. 
 

An understanding of the differences in physics between the various 
flow regimes found in pneumatic conveying of granular material may be 
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important to actual industrial or commercial applications with regards to the 
optimality of operation, ease of control and extent of damage inflicted on the 
solid particles as well as the conveying lines. Despite the large number of 
work reported on gas-solid systems, there have been relatively fewer attempts 
at modeling the various flow regimes in vertical and horizontal pneumatic 
conveying systems. The ability to predict the flow behaviors of both gas and 
solid phases during a typical pneumatic conveying operation or the modes in 
which the transportation would take place remains limited. As such, the 
objective of this study is to apply the technique of combining DEM with CFD to 
the numerical simulation of pneumatic conveying of granular material in both 
vertical and horizontal pipes. The emphasis has been on reproducing 
computationally the different types of solid flow patterns and behaviors 
observed experimentally under different operating conditions. In the following 
sections of this paper, the DEM and CFD models used and their methods of 
implementation will be described, and simulation results obtained will be 
compared with experimental observations reported in the literature. 
 
Mathematical Model 
Discrete Element Method 

The translational and rotational motions of individual solid particles are 
governed by Newton’s laws of motion: 
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where mi and vi are the mass and velocity of particle i, N is the number of 
particles in contact with this particle, fc,ij and fd,ij are the contact and viscous 
contact damping forces respectively, ff,i is the fluid drag force due to an 
interstitial fluid, Ii is the moment of inertia of particle i, ωi is its angular velocity 
and Tij is the torque arising from contact forces which will cause the particle to 
rotate. 
 

Contact and viscous contact damping forces have to be calculated 
using force-displacement models which relate such forces to the relative 
positions, velocities and angular velocities of the colliding particles. In the 
present work, the linear force-displacement model was implemented 
according to the following equations: 

ij,ni,nij,cn δf κ−=       (3) 
 ij,ti,tij,ct δf κ−=        (4) 
 ( ) iiri,nij,dn nnvf ⋅η−=       (5) 

( ) ( )[ ]jjiiiiri,tij,dt RωRωttvf ×−×+⋅η−=    (6) 
where fcn,ij, fdn,ij and fct,ij, fdt,ij are the normal and tangential components of the 
contact and viscous contact damping forces respectively, κn,i, δn,ij, ni, ηn,i and 
κt,i, δt,ij, ti, ηt,i are the spring constants, displacements between particles, unit 
vectors and viscous contact damping coefficients in the normal and tangential 
directions respectively, vr is the relative velocity between particles and Ri and 
Rj are the radius vector (from particle center to a contact point) for particles i 
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and j respectively. If ctanij,cnij,ct +φ> ff  then ‘slippage’ between the two 
contacting surfaces is simulated by a Coulomb-type friction law,  

ctanij,cnij,ct +φ= ff  where tanφ is analogous to the coefficient of friction and c 
is a measure of cohesion between the two contacting surfaces. 
 
Fluid Drag Force 

In a multiphase system such as the gas-solid pneumatic conveying 
system considered in this study, interactions between the two phases take the 
form of fluid drag forces on the solid particles exerted by the interstitial fluid 
and arise from velocity differences between the two phases. In this study, the 
model due to Di Felice13 which is applicable over a wide range of particle 
Reynolds numbers was used for evaluating the fluid drag force term in Eq. (1). 
Following Xu et al.14, the modified equations in this model are shown as 
follows:  
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where ff0,i is the fluid drag force on particle i in the absence of other particles, 
χ is an empirical parameter, εi is the local average porosity in the vicinity of 
particle i, cd0,i is the drag coefficient, Rep,i is the Reynolds number based on 
particle diameter, ρf is the fluid density, μf is the fluid viscosity and ui is the 
fluid velocity of the computational cell in which particle i is located. 
 
Computational Fluid Dynamics 

The motion of the continuum gas phase is governed by the Navier-
Stokes equations with an additional source term in the momentum equation to 
represent the reaction force acting on the fluid by the particles: 

( ) 0
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where u is the velocity vector, ε is the local average porosity, P is the fluid 
pressure and F is the source term due to fluid-particle interaction. 
 
Simulation Conditions 

The geometry of the pneumatic conveying system and type of particles 
used in the present simulations were based on the experimental work of Rao 
et al.15 and Zhu et al.16 (Table 1) so that a meaningful comparison between 
the simulation and experimental outputs can be made. The gas velocities 
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considered in this study were in the ranges 14 m s-1 – 24 m s-1 and 10 m s-1 – 
30 m s-1 for the vertical and horizontal pneumatic conveying simulations 
respectively because these would include all the flow regimes observed via 
Electrical Capacitance Tomography measurements by Rao et al.15 and Zhu et 
al.16 for the two systems. The numbers of particles used were 500, 1000, 
1500 and 2000 corresponding to overall solid concentrations α, of 0.08, 0.16, 
0.24 and 0.32 respectively where α is defined as the overall volume fraction of 
particles divided by the volume fraction of particles at maximum packing 
which is generally taken to be 0.64. The equivalent coefficient of restitution 
represented by the viscous contact damping coefficient selected for the 
present study was found by conducting a numerical experiment similar to that 
used by Xu and Yu.7 Without loss of generality, the same values of the 
coefficients of friction and restitution as shown in Table 1 were used for both 
particle-particle and particle-wall interactions. The flow patterns from the 
numerical simulations were then compared qualitatively with the experimental 
observations of Rao et al.15 and Zhu et al.16 
 
Table 1. Material properties and system parameters 
Shape of particles Spherical 
Type of particles Polypropylene 
Number of particles 500, 1000, 1500, 2000 
Particle diameter, d 2.8 × 10-3 m 
Particle density, ρp 1123 kg m-3 
Spring constant in force model, κ 5.0 × 103 N m-1 
Viscous contact damping coefficient, η 0.35 
Coefficient of restitution 0.1 
Coefficient of friction 0.3 
Cohesion, c 0.0 
Coefficient of rolling friction, μr 5.0 × 10-5 m 
Gas density, ρf 1.205 kg m-3 
Gas viscosity, μf 1.8 × 10-5 N s m-2 
Pipe diameter 0.04 m 
Pipe length 1.0 m 
Computational cell size 4 mm × 4 mm 
Simulation time step, Δt 10-7 s 
 

In all simulations performed, particles were first allowed to settle freely 
under gravity for 0.5 s and form a packing at the ‘bottom’ of a vertical pipe or a 
heap in a horizontal pipe before gas flow was initiated. Periodic boundary 
conditions were applied to the solid phase to simulate an open flow system 
while a uniform gas velocity profile was maintained at the inlet. Particles which 
were carried out of the conveying pipe by the flowing gas were simulated to 
re-enter from the inlet of the pipe with the same velocities and radial positions. 
The main advantage of this method was the possibility of simulating a very 
long conveying pipe using a significantly smaller computational domain which 
leads to more efficient utilization of computing resources. 
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Results and Discussion 
Vertical pneumatic conveying 

The combined CFD-DEM model described in this paper was first used 
for the numerical simulation of pneumatic conveying of granular material in a 
vertical pipe. From the simulation outputs obtained, two distinct types of flow 
regimes could be identified. When the solid concentration was 0.08 and the 
gas velocity was 14 m s-1, particles were seen to be distributed throughout the 
entire length of the pipe. This kind of flow pattern is known generally as 
dispersed flow. When α was increased to 0.24 and 0.32, particles move in the 
form of a single large plug along the conveying pipe. Generally, it is known 
from previous experimental work reported in the literature that the dispersed 
flow regime is usually dominant at high gas velocities and low solid 
concentrations while the plug flow regime is observed otherwise.16  
 

The solid concentration profiles for both flow regimes were obtained by 
dividing the space in the conveying pipe into long strips parallel to the length 
of the pipe and calculating the solid concentration within each strip. It was 
observed that this spatially averaged solid concentration profile became 
invariant with time after a sufficiently long simulation time, indicating the 
attainment of a fully developed flow state. Figures 1 and 2 show the solid 
concentration profile for the dispersed (α = 0.08) and plug (α = 0.32) flow 
regimes at various gas velocities respectively. It may be observed that, 
contrary to the name of the regime which can be made from the 
instantaneous snapshots of the simulation, the solid concentration profile for 
dispersed flow shows a symmetrical but non-uniform distribution with higher 
solid concentrations near the walls and a minimum near the center of the 
pipe. This may be due to the effects of inelastic collisions with the walls which 
leave particles lying in the vicinity of the walls. On the other hand, the solid 
concentration profile for the plug flow regime is uniform and flat across the 
section of the pipe. This is due to the fact that particles in such a regime are 
closely packed together into a single large plug which moves much like a rigid 
body along the conveying pipe. For each of these regimes studied, the solid 
concentration profiles do not seem to be significantly affected by the actual 
velocity of the gas used. 
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Figure 1 Solid concentration profile for the dispersed flow regime in vertical 
pneumatic conveying (α = 0.08) at various gas velocities showing symmetry 
and minimum near the pipe center 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2 Solid concentration profile for the plug flow regime in vertical 
pneumatic conveying (α = 0.32) at various gas velocities showing a flat 
distribution 
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Horizontal pneumatic conveying 
The simulation outputs for horizontal pneumatic conveying showed a 

few other types of flow patterns in addition to those observed in vertical 
pneumatic conveying. These arise mainly due to gravitational effects which 
cause particles to settle towards the bottom wall of the conveying pipe. At a 
low solid concentration of 0.08 represented by 500 particles and conveying 
gas velocity of 10 m s-1, the flow pattern observed resembles that of dispersed 
flow in vertical pneumatic conveying but due to the effects of gravitational 
settling as mentioned, a thin layer of particles is formed along the lower pipe 
wall. There exists a gradient in the concentration of particles in the radial 
direction with higher concentration of particles near the lower pipe wall and 
vice versa. This flow regime was also observed under similar operating 
conditions experimentally and is known as the stratified flow regime.15 With α 
= 0.16, the previously observed thin settled layer of particles became larger 
clusters which move along the lower wall by traction. The individual clusters 
do not seem to have a tendency to combine together nor be dispersed into 
suspension but remain quite stable throughout the entire simulation time. A 
large portion of the particles is still transported in suspension above these 
moving clusters. Following the experimental work of Rao et al.15, this is 
referred to as the moving dunes flow regime. In contrast, at the highest solid 
concentrations of 0.24 and 0.32 considered in the present simulation using 
1500 and 2000 particles respectively, particles tend to be transported in the 
form of a single large cluster reminiscent of plug flow in vertical pneumatic 
conveying. This may be a result of clustering of multiple adjacent moving 
dunes to form a stable large plug which spans the entire cross-section of the 
conveying pipe. This kind of flow pattern was similarly observed in physical 
experiments done at high solid concentrations and low gas velocities and was 
called the slug flow regime.  
 

The solid concentration profiles for two representative regimes in 
horizontal pneumatic conveying, stratified flow (α = 0.08) and slug flow (α = 
0.32), were similarly computed for a quantitative comparison of the effects of 
gravitational settling mentioned earlier on the resulting solid distribution. 
Figure 3 shows quantitatively that the solid concentration is higher near the 
bottom wall of the horizontal pipe when particles are conveyed in the stratified 
flow regime, corresponding to the qualitative observations made from the 
simulation snapshots seen previously. By comparison with the solid 
concentration profile for dispersed flow in vertical pneumatic conveying, the 
effect of gravitational settling has caused the profile to change from a 
symmetrical distribution to an unsymmetrical one. In contrast, the solid 
concentration profile for slug flow (Figure 4) is seen to be very similar to that 
for plug flow in vertical pneumatic conveying. This fits well with the fact that 
particles are carried in the form of a single large plug in both cases. When this 
occurs in a horizontal pipe, the effect of gravity does not alter the solid 
concentration profile to any significant extent.  
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Figure 3 Solid concentration profile for the stratified flow regime in horizontal 
pneumatic conveying (α = 0.08) at various gas velocities showing non-
symmetry and higher solid concentration near the bottom wall 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4 Solid concentration profile for the slug flow regime in horizontal 
pneumatic conveying (α = 0.32) at various gas velocities showing a flat 
distribution (Order of coordinates is different from Figure 11 to aid in 
visualization) 
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Phase diagrams 
The different flow regimes in vertical and horizontal pneumatic 

conveying arising from the use of different operating conditions can be 
represented in the form of phase diagrams as shown in Figures 5 and 6 
respectively. Dashed lines in the figures separate approximately the regions 
representing different flow regimes while dashed circles enclose regions 
where transition between two adjacent flow regimes might be taking place. In 
vertical pneumatic conveying, the dispersed flow regime is dominant at high 
gas velocities and low solid concentrations while the plug flow regime is 
dominant otherwise (Figure 5). This is also generally true for horizontal 
pneumatic conveying except at low gas velocities and solid concentrations 
where the effects of gravitational settling of particles result in the formation of 
the moving dunes and stratified flow regimes (Figure 6). Intermediate values 
of gas velocities where transitions between the moving dunes and 
homogeneous flow regimes (MD/H) and between the stratified and 
homogeneous flow regimes (S/H) are similarly approximated by regions 
enclosed within the dashed circles in Figure 6. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5 Phase diagram for vertical pneumatic conveying. Dashed lines 
separate approximately regions representing different flow regimes while 
dashed circles enclose regions where transition between two adjacent flow 
regimes might be taking place. The dispersed flow regime is dominant at high 
gas velocities and low solid concentrations while the plug flow regime is 
dominant otherwise. 
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Figure 6 Phase diagram for horizontal pneumatic conveying. Homogeneous 
flow is dominant at high gas velocities and low solid concentrations. The 
effects of gravitational settling result in the formation of the moving dunes and 
stratified flow regimes at low gas velocities and solid concentrations. MD/H 
and S/H denote transitions between moving dunes and homogeneous flow 
and between stratified and homogeneous flow respectively. 
 
Conclusions 

The Discrete Element Method utilizing a linear spring-dashpot-friction 
slider force-displacement model was coupled with Computational Fluid 
Dynamics and used for the simulation of pneumatic conveying of granular 
material in both vertical and horizontal pipes in this study. The motions of solid 
particles and gas were obtained by time integration of Newton’s second law of 
motion and the Navier-Stokes equations respectively. Fluid drag forces were 
calculated using a fluid-particle drag force model and also represented as a 
source term in the gas momentum equation to ensure satisfaction of Newton’s 
third law between the two phases. The effects of rolling friction and collision 
dynamics have also been considered in the computational model developed. 
 

The simulation results obtained were in good agreement with 
previously reported experimental observations in terms of the types of flow 
patterns arising at different operating conditions used. In vertical pneumatic 
conveying, particles tend to be dispersed throughout the pipe at high gas 
velocities and low solid concentrations. On the other hand, particles tend to 
cluster together and move in the form of a dense plug when gas velocities are 
low or solid concentrations are high. These flow patterns have been referred 
to as the dispersed and plug flow regimes respectively. The solid 
concentration profile for dispersed flow was observed to be symmetrical and 
with a minimum near the center of the pipe while that for plug flow was almost 
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flat. In horizontal pneumatic conveying, the simulations also show the 
presence of homogeneous or slug flow regimes where particles are 
distributed along the length of the pipe or packed together as a large cluster 
respectively. In addition, due to the effects of gravitational forces which cause 
particles to settle towards the bottom wall of the horizontal pipe, the stratified 
and moving dunes flow regimes where particles are transported by traction 
along the pipe wall are observed at low gas velocities and solid 
concentrations. The solid concentration profile for stratified flow was 
unsymmetrical with higher concentration near the lower wall of the pipe while 
that for slug flow was similar to the flat profile seen for plug flow in vertical 
pneumatic conveying. The various flow regimes and their corresponding 
operating conditions have been represented in the form of phase diagrams.  
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