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Pneumatic conveying is an important technology for industries to transport bulk
materials from one location to another. Different flow regimes have been observed in
such transportation processes, but the underlying fundamentals are not clear. This ar-
ticle presents a three-dimensional (3-D) numerical study of horizontal pneumatic con-
veying by a combined approach of discrete element model for particles and computa-
tional fluid dynamics for gas. This particle scale, micromechanic approach is verified
by comparing the calculated and measured results in terms of particle flow pattern
and gas pressure drop. It is shown that flow regimes usually encountered in horizontal
pneumatic conveying, including slug flow, stratified flow, dispersed flow and transition
flow between slug flow and stratified flow, and the corresponding phase diagram can
be reproduced. The forces governing the behavior of particles, such as the particle–
particle, particle-fluid and particle-wall forces, are then analyzed in detail. It is shown
that the roles of these forces vary with flow regimes. A general phase diagram in terms
of these forces is proposed to describe the flow regimes in horizontal pneumatic
conveying. VVC 2011 American Institute of Chemical Engineers AIChE J, 57: 2708–2725, 2011

Keywords: pneumatic conveying, flow regime, phase diagram, discrete element
method, computational fluid dynamics

Introduction

Pneumatic conveying has many industrial applications and
generally involves two flow regimes: dense-phase flow and
dilute-phase flow.1 The dense-phase flow conveys particles
in terms of slug flow or moving bed, with power consump-
tion and product damage lower than those of dilute-phase
flow. The dilute-phase flow where particles are dispersed
throughout an entire pipe is, however, suited for a wider
range of materials. Therefore, flow regimes are of great im-
portance to pneumatic conveying, particularly for horizontal

pipelines, where particles exhibit more complicated behav-
iors compared to those in vertical pipelines due to their
gravity perpendicular to the conveying direction. The flow
regimes in horizontal pneumatic conveying typically include
slug flow, stratified flow, dispersed flow, and transition flow
between slug flow and stratified flow.2,3

Previous studies have shown that many variables affect
flow regimes, including materials properties, operating con-
ditions, and system geometries. Based on the studies of these
variables, some general knowledge about flow regimes has
been obtained. For example, materials and bulk properties,
such as particle size and density, bulk density, permeability,
air retention and deaeration, can be used to predict flow
regimes,4,5 and the characteristics of pressure fluctuation
have a good capability for online identification of flow
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regimes.6–10 In addition, a transition flow zone is identified
between the slug-flow regime and the stratified flow, where
conveying pipelines are very vulnerable to blockage.11–14

Some semi theoretical correlations have also been formulated
to predict the pressure drop in different flow regimes,14,15 and
the boundaries between flow regimes.11,16–18 These results are
useful in solving some practical problems. However, to date,
the mechanisms underlying flow regimes identified and their
transition are not clearly understood. The applications of pneu-
matic conveying largely depend on empirical experience, as
recently pointed out by Park and Klingzing.6

Flow regime is a bulk behavior resulting from the collective
interactions between particles, particles and wall, particles and
fluid. Therefore, analysis of the interaction forces in conjunc-
tion with the flow behavior of individual particles can help
understand the underlying mechanisms. With advances in
measuring techniques for particle-fluid systems in the last two
decades,19,20 the internal structure of flow regimes constructed
according to particles position, and the velocities of parti-
cle patterns can now be obtained using tomography techni-
ques.21–24 Particle-wall force is also accessible through the
stress transistors.25–28 However, at this stage of development,
little is known about the velocities of individual particles in
the dense-phase conveying and in particular, the particle–parti-
cle and particle-fluid interaction forces. In principle, computer
modeling and simulation can overcome this problem.

Numerical models for particle-fluid systems may be con-
tinuum- or discrete-based with respect to the solid phase, as
recently reviewed by different investigators.29–31 The former
is typically represented by the so-called two-fluid model
(TFM), where particle-phase stresses are described empiri-
cally or based on the kinetic theory.32 TFM is computation-
ally convenient, and, thus, has many applications in pneu-
matic conveying.33–41 However, all these applications thus
far reported focused on one or two-flow regimes. This may
be due to the fact that the effective use of TFM heavily
depends on the constitutive or closure relation for the parti-
cle-phase stresses, which are not generally available at this
stage of development. The discrete approach can be done by
the Lagragian particle tracking (LPT), or the combined
approach of computational fluid dynamics and discrete ele-
ment method (CFD-DEM).42,43 LPT is valid for gas–solid
flows where the solid concentration is low and, hence, parti-
cle–particle interaction is not important.44–47 On the con-
trary, CFD-DEM has no such limitations and is, thus, appli-
cable to a wide range of flow conditions.30,48

With this realization, CFD-DEM has been increasingly
used to study pneumatic conveying in various aspects,
including flow regimes, as recently summarized by Kuang
et al.49 These studies can improve the understanding of
pneumatic conveying. However, to date, most of these stud-
ies were based on simplified models where 3-D particle flow
was sometimes treated as 2-D, and gas flow was 2-D or 1-D.
In 2-D DEM simulations, particles lose their motion in the
third dimension and the fluid-drag force has to be based on
unrealistic porosity. On the other hand, 1-D CFD misses the
radial pressure and flow characteristics. As a result, some
key flow features in pneumatic conveying are missing in the
previous studies, particularly in the studies of flow regimes.
For example, Lim et al.50 could only obtain the slug flow
and dispersed flow in their 2-D CFD-DEM model; the strati-

fied flow and the transition flow were missing. Fraige and
Langston51 demonstrated their 1-D CFD-3-D DEM model
could produce the slug flow, stratified flow, and dispersed
flow in horizontal pneumatic conveying. However, the three
flow regimes were obtained by changing particle rotation
rather than gas-flow velocity as observed in experiments.
Moreover, the transitional flow which is often associated with
long slugs in horizontal conveying was not obtained in all the
previous numerical studies. To overcome this problem, a 3-D
CFD-DEM model is necessary. In recent years, some efforts
have been made in this direction. For example, Strauß et
al52,53 developed a 3-D CFD-DEM for horizontal and vertical
slug flow, where gas flow was described by the Darcy law to
avoid CFD effort. Chu and Yu54 integrated a 3-D DEM model
into the commercial CFD package Fluent for the study of
gas–solid flow through a bend. Kuang et al55 developed a 3-D
CFD-DEM model to study flow phenomena in pneumatic con-
veying. The model has been applied to the study of flow
regimes in vertical pneumatic conveying.49 However, to date,
comprehensive 3-D CFD-DEM modeling and analysis of the
flow regimes in horizontal pneumatic conveying have not
been found in the literature.

In this work, the 3-D CFD-DEM model of Kuang et al.49

for vertical pneumatic conveying are extended to study the
flow regimes in horizontal pneumatic conveying. The article
is organized as follows. The numerical model is first intro-
duced and a typical flow condition as a base case is studied
focused on the resulting flow patterns and the forces govern-
ing the motion of particles. Based on this analysis, a new
phase diagram in terms of these forces is established.
Finally, the generality of this diagram is examined from data
obtained under different conditions and corresponding to dif-
ferent flow regimes in horizontal pneumatic conveying.

Simulation Method

The current 3-D CFD-DEM model is that proposed in our
previous study of vertical pneumatic conveying, which has
been quantitatively validated with respect to key parameters
such as slug velocity and gas pressure.49 For completeness,
we only describe the key features of the model later.

Governing equations for particle flow

The solid phase is treated as a discrete phase described by
DEM. Hence, the translational and rotational motions of a par-
ticle are determined by Newton’s second law of motion, i.e.

mi
dvi
dt

¼ fpgf ;i þ fdrag;i þ
Xki
j¼1

fc;ij þ fd;ij
� �þ mig (1)

and

Ii
dxi

dt
¼
Xki
j¼1

Tt;ij þ Tr;ij

� �
(2)

where mi, Ii, vi, and xi are, respectively, the mass, momentum
of rotational inertia, translational and rotational velocities of
particle i. The forces involved are: (1) the pressure gradient
force, given by
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fpgf ;i ¼ �rPVi;

where P and Vi are the fluid pressure and the volume of
particle i, respectively; (2) the fluid drag force, calculated by

fdrag;i ¼ fdrag0;ie
�v
f ;i

where fdrag0,i, and v are, respectively, the fluid-drag force on

particle i in the absence of other particles and the equation

coefficient, and ef is the local porosity for the particle; (3) the

gravity force mig; and (4) the interparticle forces between

particles i and j, which include the elastic contact force fc,ij,

and the viscous contact damping force fd,ij. The torque acting

on particle i by particle j includes two components. One arises

from the tangential forces, given by Tt,ij ¼ Ri,j � (fct,ij þ fdt,ij),

where Ri,j is a vector from the mass center to the contact point;

and another is the rolling friction torque given by

Tr;ij ¼ lr;ijdi fn;ij
�� ��x_ t;ij;

where lr,ij is the (dimensionless) rolling friction coefficient,

and di is particle diameter.60 The second torque is attributed to

the elastic hysteresis loss and viscous dissipation in relation to

particle–particle or particle-wall contact, and slows down the

relative rotation of particles. For a particle undergoing

multiple interactions, the individual interaction forces and

torques are summed over the ki particles in contact with

particle i. The interparticle or particle-wall force is calculated

according to the nonlinear models commonly used in DEM.30

For convenience, the equations to calculate these forces are

summarized in Table 1.
Note that ef is usually calculated over a computational

cell. However, the evaluation of ef this way is sometimes
problematic, particularly for complicated cell configuration.
For example, numerical instability may occur because of the
rapid temporal and spatial change in porosity and associated
properties. This is particularly true for too small CFD cells
which may simply have a local porosity fluctuating between

zero and unity. To avoid this problem, as used in some of
our CFD-DEM studies for complex systems,49,54,57–59 �f at a
considered point is calculated over a spherical cell. The cell
size used in this work is three particle diameters, in connec-
tion with our previous study.58 For a cell close to a wall, its
region out of the computational domain should be excluded.
All these treatments are consistent with those used in averag-
ing a local macroscopic property.30

Governing equations for gas flow

The gas flow is treated as a continuous phase and modeled
in a similar way to the one in the conventional two-fluid
modeling. Thus, its governing equations are the conservation
of mass and momentum in terms of local mean variables
over a computational cell, given by

@ðqf ef Þ
@t

þr � qf efu
� � ¼ 0 (3)

and

@ qf efu
� �
@t

þr � qf efuu
� � ¼ �rP� Fp�f þr � ef s

� �þ qf ef g

(4)

where qf, u, P, s and Fp-f are, respectively, the fluid density,
the fluid velocity and pressure, the fluid viscous stress tensor,
and the volumetric forces between particles and fluid.

Fp�f ¼
Xkc
i¼1

ðfdrag;i þ fpgf ;iÞ=DV;

where kc and DV are, respectively, the number of particles in a
considered computational cell and the volume of the
computational cell. s is given by is given by an expression
analogous to that for a Newtonian fluid. That is

s ¼ g ruð Þ þ ruð Þ�I
j k

(5)

Table 1. Components of Forces and Torques Acting on Particle i

Forces and torques Symbol Equations

Normal forces contact fcn,ij � 4
3
E� ffiffiffiffiffi

R�p
d3=2n n̂

damping fdn,ij �cnð6mijE
� ffiffiffiffiffiffiffiffiffiffi

R�dn
p Þ1=2vn;ij

Tangential forces contact fct,ij �ls fcn;ij
�� ��½1� ð1�minfjdt;ijj; dt;ij;maxg=dt;ij;maxÞ3=2�d̂t

damping fdt,ij �ctð6lsmij fcn;ij
�� �� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1� dt;ij
�
dt;ij;max

q .
dt;ij;maxÞ1=2vt;ij ðdt;ij\dt;ij;maxÞ

Fluid drag forces fdrag,i 0:5cd0;iqfpR
2
i e

2
f ;i ui � vij jðui � viÞe�v

f ;i

Pressure gradient force fpgf,i �rPVi

Gravity fg,i mig

Torque by tangential forces Tt,ij Rij � ðfct;ij þ fdt;ijÞ
Rolling friction torque Tr,ij lr;ijdi fn;ij

��� ���x_ t;ij

where,
1

R� ¼
1

Rij j þ
1

Rj

�� �� , E� ¼ E

2ð1� v2Þ, n̂ ¼ Ri

Rij j, x
_

t;ij ¼ xt;ij

xt;ij

�� ��, d̂t ¼ dt

dtj j, dt;ij;max ¼ ls
2� v

2ð1� vÞ dn, vij ¼ vj � vi þxj � Rj � xi � Ri,

vn;ij ¼ ðvij � n̂Þn̂, vt;ij ¼ vij � vn;ij

cd0;i ¼ 0:63 þ 4:8

Re0:50p;i

 !2

; Rep;i ¼
2qf Rief ;i ui � vij j

gf
; v ¼ 3:7 � 0:65 exp � 1:5� log10 Rep;i

� �2
2

" #
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It is well established that gas flow is turbulent when its
velocity in a pipe is high enough. To describe the turbulent
flow, a standard k-� model is employed in the CFD model-
ing. This helps correctly predict the pressure drop due to the
gas-wall friction interaction. Gas turbulence may affect parti-
cle flow. However, the studies of circulating fluidized bed
and pneumatic conveying systems based on TFM approach
manifest that the contribution of gas turbulence to particle
flow is negligible.61–63 This suggestion is tested based on the
CFD-DEM simulations in this study. This is done by adding
the turbulent dispersion model proposed by Gosman and
Ioannides64 to the DEM to model the effect of gas turbu-
lence on particle flow. The instantaneous fluid velocity other
than the mean velocity is used to calculate the fluid-drag
force in the CFD-DEM model. The instantaneous velocity
consists of the mean velocity obtained by the solution of the
time-averaged governing equations of gas phase, and the
fluctuating velocity reconstructed from the turbulent kinetic
energy according to a Gauss distribution with a zero mean
and standard deviation (2k/3)

1=2. The rest treatments are the
same as those used in the CFD-DEM computation. We can,
therefore, conduct simulations with or without the turbulent
model for gas phase. The results suggest that the inclusion
of the turbulent model does not result in any difference in
particle behavior under the conditions considered. Therefore,
the effect of gas turbulence on particle behavior is not sig-
nificant for coarse particles, particularly when solid concen-
tration is high. However, further studies are needed to find if
this consideration can be applied to fine particles, or gener-
ally to gas–solid flow.

Solution and coupling schemes

The method for numerical solution of a CFD-DEM prob-
lem has been well established in the literature. In this work,
for the DEM model, an explicit time integration method is
used to solve the translational and rotational motions of
discrete particles.65 For the CFD model, the finite volume
method with the SIMPLE velocity-pressure coupling
method66 is used to solve the governing equations for gas
phase by means of non-staggered grid arrangements in a
body-fitted coordinate system.67 The two-way coupling of
particle and fluid flows is numerically achieved as follows.
At each time step, DEM will give information, such as the

positions and velocities of individual particles, for the evalu-
ation of porosity and volumetric particle-fluid forces in a
computational cell. CFD will then use these data to deter-
mine the gas-flow field, yielding the particle-fluid forces act-
ing on individual particles. Incorporation of the resulting
forces into DEM will provide information about the motion
of individual particles for the next time step. This solution
scheme has been well established since the work of Xu and
Yu,42 and is used in this work.

Simulation conditions

Table 2 shows the simulation conditions considered in this
study. For each case, variables considered are gas velocity
and/or solid-flow rate. Their varying ranges are listed in the
table. The other parameters such as Young’s modulus and
Poisson ratio are constant, and the same as those used in our
previous work.49 For brevity, the following discussion is
mainly based on the results of the base case (CASE I), and
the results of other cases are used only in the last section to
show the generality of the findings obtained according to the
base case.

In the base case, in order to obtain typical flow regimes
and corresponding pressure drop-gas velocity diagram in
horizontal pneumatic conveying, the gas velocity is varied
from 9.6 to 35.0 m/s for a constant solid-flow rate of 0.533
kg/m3. The gas used is air, and its density is equal to 1.205
kg/m3, and molecular viscosity is 1.85 � 10�5 kg/(m�s). A
3-D, 7-m long (L) horizontal pipe with internal diameter (D)
of 0.0563 m is chosen as the computational domain. This
corresponds to an L/D ratio of about 124. This ratio is large
enough to obtain developed flows according to the work of
Rao et al.,23 who studied flow regimes in the horizontal pipe
at the location 4 m (L/D ¼ 100) away from the solid feeding
point using tomography techniques. The computational do-
main is meshed with body-fitted grids, as illustrated in Fig-
ure 1. Its grid Scheme 8 � 8 � 800 is determined according
to the grid-independence study used in a CFD study. The
particles used in the base case are spherical, with dia. 3.18
mm, density 1180 kg/m3, and restitution coefficient 0.8.
These correspond to polyethylene pellets suited to the flow
mode of dispersed flow, stratified flow, transition flow, and
slug flow in horizontal pipes.2,3 The aforementioned pipe di-
ameter, particle density and gas- and solid-flow rates (CASE

Table 2. Flow Conditions Considered in these Simulations

Parametera

Value

CASE Ib CASE II CASE III CASE IV CASE VI

Pipe diameter, D (m) 0.0563 0.04 0.04 0.05 0.0534
Pipe length, L (m) 7.0 5.0 5.0 0.8 3
Solid flowrate, w (kg/s) 0.533 0.59 0.82 0.34�0.67 0.115�0.46
Gas velocity, Ug (m/s) 9.6�35.0 7.0�40.0 7.0�40.0 1.7�2.3 23.0�35.0
Particle diameter, dp (m) 0.00318 0.004 0.003 0.003 0.00205
Density, qp (kg/m

3) 1180 1000 1000 1000 2500
Sliding friction coefficient, ls 0.5 0.5 0.4 0.3 0.2
Rolling friction coefficient, lr 0.04 0.03 0.02 0.01 0.01
Restitution, e 0.8 0.8 0.8 0.9 0.6
Periodic boundary condition in the flow direction No No No Yes No
Flow regimes involvedc SL, TR, ST, DE SL, TR, ST, DE SL, TR, ST, DE SL ST

aThe wall is assumed to have the same properties as particles.
bBase case for detailed analysis of flows and forces.
cSL is for slug flow regime; TR for transition flow; ST for stratified flow regime; DE for Dispersed flow regime.
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I) are based on the experimental work of Lecreps and
Sommer,3 and particle size corresponds to the equivalent
size of oval polyethylene pellets used in their experiment.
This allows us to make a meaningful comparison between
the simulated and measured results.

In all simulations, particles are introduced through the top
of the pipeline at a constant solid-flow rate with a small ini-
tial vertical velocity (downward), and zero velocity in two
other directions, as used by Li et al.68 This is to some extent
similar to the feeding of particles into conveying pipelines
from a rotary valve through a dropout box in practice (see
Figure 1). Once moving out of the pipe, a particle will not
be considered in the calculation. For gas flow, a fixed uni-
form velocity profile at the inlet is adopted, while the normal
gradients of all variables at the outlet are set to zero assum-
ing that the flow is fully developed. For DEM computation,
the pipe wall is treated as rigid spheres with an infinite di-
ameter and has no displacement and movement resulting
from particle-wall interaction. A no-slip condition as used in
the CFD is applied to gas phase at the pipe wall.

Each simulation lasts for 15 s, and the time step is 5 �
10�6 s. The simulation results are recorded every 0.01 s.
Because macroscopically stable flow regimes are considered
in this work, this analysis only involves simulation results
under fully-developed conditions. The developed conditions
are determined according to the temporal profile of average
solid concentration over a cross-sectional area of the pipe, as
shown by Kawaguchi et al.69 and Kuang et al.49 For exam-
ple, based on such a principle, simulation data in the pipe
section between y ¼ 5.7 m (L/D ¼ 101), and y ¼ 6.7 m (L/
D ¼ 119) at the physical time from 4 to 15 s for all simula-
tions of CASE I are chosen for this analysis. Here, the
length of pipe section considered is determined according to
the maximum length of slugs in the simulations.

Results and Discussion

The applicability of this CFD-DEM approach has been
verified in our previous study, where quantitative agreement
between simulated and measured results under different con-
ditions is shown.49 In this study, we will focus on the analy-
sis of the flow regimes in horizontal pneumatic conveying.

In the following, we will first show the flow regimes can be
reproduced, then analyze the relative roles of various forces,
and finally provide a new phase diagram.

Flow Regimes and their transition

When a material is transported in a specific system with
varying gas velocities and a fixed solid-flow rate, the sim-
plest method to describe the resulting flow regimes and flow
transition is the phase diagram plotting pressure drop as a
function of gas velocity. Figure 2 shows such a phase dia-
gram simulated for the horizontal transport of polyethylene
pellets, corresponding to CASE I. Note that the following
discussions all refer to CASE I unless otherwise noted. In
Figure 2, the pressure drops are the time-averaged values
measured at the locations between y ¼ 5.7 m and y ¼ 6.7 m.
It can be seen that when gas velocity is increased, the gas-
only pressure drop increases, whereas with solids loaded at a
fixed flow rate, the behavior of pressure drop becomes very
complicated. First, the pressure drop decreases with increasing
gas velocity. Further increase of gas velocity results in a sharp
increase in pressure drop. The resulting pressure drop is much
larger than all others (please refer to Figure 18), and is not
plotted in Figure 2 for better showing the results. As gas ve-
locity increases further, the pressure drop decreases to a nor-
mal level and gradually reduces to the minimum, and then
increases slowly. Usually, the region to the right of the mini-
mum is referred to as dilute-phase flow and the region to the
left is dense-phase flow. This tendency is qualitatively consist-
ent with the experimental measurements.2,3,11,14 Note that
quantitative comparison is not applicable because different
particle shapes were used in the numerical and physical
experiments, in addition to the uncertainties in CFD-DEM
models related to the equations to calculate particle–particle
and particle-fluid interaction forces, the selection of parame-
ters for simulation.

Figures 3 and 4 show the temporal variations of solid con-
centration and pressure drop at different gas velocities, cor-
responding to Figure 2. Their typical solid-flow patterns are
given in Figures 5–8. It can be seen from the figures that

Figure 2. Pressure drop-gas velocity phase diagram for
the transport of polyethylene pellets, for the
section between y 5 5.7 m and y 5 6.7 m.

Figure 1. Schematic illustration of pipe geometry (top),
and CFD mesh (bottom).
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three flow modes, i.e., the slug-flow regime (Figure 5), the
stratified flow regime (Figure 6), and the dispersed flow re-
gime (Figure 7), and the transition flow between slug flow
and stratified flow (Figure 8) can be numerically obtained for
the horizontal transport of polyethylene pellets, as experimen-
tally observed by Jama et al.2 and Lecreps and Sommer.3

In the slug-flow regime, the entire cross area of the pipe
is filled with particles in a slug, but with settled layers on
the bottom in other parts of the pipe, as in the CCD camera
records.21,23,24 As a slug moves along the pipe, some par-
ticles are pushed ahead of the slug wave at the front, and
this group of particles behave in a very dynamic and sus-
pended fashion. This phenomenon has been experimentally

confirmed in the work of Li et al.,70 by analyzing video foot-
ages from experiments in slug flows using similar particulate
materials (3 mm spherical polymer pellets). In addition, a
pressure-drop peak and a solid-concentration peak always
rise when a slug passes through the considered pipe (Figures
3a and 4a), and a large pressure drop usually corresponds to
a long slug, which agrees well with the general observations
of slug flow.7,71–73 It also shows that the pressure-drop peak
varies due to the unstable nature of slug flow (e.g., see Fig-
ures 4a). This is in line with the experimental observations
by different investigators.2,7,69

In the stratified flow regime, a dense particle layer is
formed in the lower portion of the pipe, with dunes or

Figure 3. Temporal variation of solid concentration in the section between y 5 5.7 and y 5 6.7 m at different gas
velocities, corresponding to Figure 2.

Figure 4. Temporal variation of pressure drop in the section between y 5 5.7 and y 5 6.7 m at different gas veloc-
ities, corresponding to Figure 2.
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clusters being observed from time to time (labeled by circles
in Figure 6) as experimentally reported by Tsuji and Mori-
kawa10 and Jama et al.,2 whereas in the upper portion of the
pipe, a small number of particles are suspended in the trans-
port gas. The dunes or clusters result in relatively large fluc-
tuations of pressure drop and solid concentration (Figures 3d
and 4d). These fluctuations become small and uniform in the
dispersed flow regime (Figures 3g and 4 g) where the dunes
or clusters cannot be observed and most of the particles are
suspended in the pipe. Because coarse particles are consid-
ered in this work, gravity segregation is observed in the dis-
persed flow regime, i.e., particles in the lower portion of the
pipe are generally denser than those in the upper portion, as
shown in Figure 9c. Note that such segregation also exists in
other flow regimes, but quantitatively different flow regimes
give different results (Figure 9).

Figures 3 and 4 also demonstrate how the slug flow re-
gime transits into the dispersed flow regime with the
increase of gas velocity. Overall, an unsmooth transition12 is
numerically obtained as expected for the horizontal transport
of polyethylene pellets. When the gas velocity is increased
in the range from 9.65 to 10.05 m/s, the flows belong to the
slug-flow regime, where most of the slugs decrease in length
with the increase of gas velocity. This leads to reduced aver-
age pressure drop and pressure fluctuation peak, as shown in
Figure 3a and 3b. One may note that in the slug-flow re-
gime, the flow at higher gas velocities sometimes has pres-

sure peaks higher than those at low-gas velocities (Figure 4a
and 4b). This result is reasonable according to the experi-
mental studies of Jama et al.2 and Lecreps and Sommer,3

where some slug flows even show higher average pressure
drop for higher gas velocity. This reflects another side of the
unstable nature of the slug flow.

Increasing gas velocity after the slug-flow regime leads to
transition flows featured with very large high-pressure fluctu-
ations and particles deposit,2,11,12,14 which causes expensive
computer power in simulations. Therefore, only one gas ve-
locity for such a flow is considered, and the resulting results
are given by Figures 3c, 4c and 8. It can be seen from Fig-
ure 4c that the pressure peaks in the transition flow are about
3-4 times larger than those in the slug-flow regime. This
pressure may be beyond the blower capability or produce
large fluctuations in practical pneumatic conveying, leading
to the blockage of conveying pipeline. As such, the transi-
tion flow is usually referred to as unstable flow, although the
slug-flow regime may also to some extent exhibit an unsta-
ble nature, as discussed earlier. Note that the aforementioned
blockage never happens in our simulations, because unlike
some of physical experiments, the inlet flow rate of gas in
the CFD can always remain constant and there is no limit to
pressure drop. The high-pressure peaks in the transition flow
considered in this study stem from long slugs in the convey-
ing pipeline, as shown in Figure 8. It can be seen from the
figure that with time evolution, a small slug is formed near

Figure 5. Snapshots showing typical solid-flow patterns in the section between y5 5.7m and y5 6.7mwithUg5 9.65m/s,
corresponding to thepressure dropandsolid concentration labeledwith circles in Figures 3a and 4a.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 6. Snapshots showing typical solid-flow patterns in the section between y5 5.7 m and y5 6.7 m with Ug5 17.62
m/s, corresponding to the pressure drop and solid concentration labeled with circles in Figures 3d and 4d.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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the inlet region in the stratified flow regime (Figures 8a and
8b), and then increases gradually in length when moving to
the outlet (Figure 8c), and finally becomes a long slug (Fig-
ure 8e). The formation of a long slug is attributed to the fact
that as the slug moves, it picks up a relatively thick layer of
material in front of it, but only deposits a thin layer behind
it (see Figures 3c, 8d and 8f). These phenomena are the
same as those reported in the experimental work of Wypych
and Yi.11 Interestingly, it is found that the development of a
long slug periodically repeats (Figures 3c and 4c); however,
this is not observed in the transition flows for CASE II and
CASE III. The related reason is not clear due to our limited
simulation data obtained for the transition flow. It will be
investigated in the future.

As gas velocity increases further, slugs can no longer be
observed. The flow exists stably in the stratified flow regime,
and then develops smoothly from this flow regime to the dis-
persed flow regime, featured with smooth decrease of pres-
sure fluctuation, and more and more particles being sus-

pended in the transport gas. These flow behaviors result in
difficulty in identifying the boundary between the stratified
flow regime and the dispersed flow regimes based on flow
visualization or variation of pressure drop.

Force analysis

Key Features of the Forces on Particles. According to
Eqs. 1 and 2, the motion of a particle is governed by various
particle–particle, particle-wall, and particle-fluid interaction
forces, in addition to the gravity forces. Analysis of these
forces should, hence, generate some insight into particles
behavior, leading to a better understanding of flow regimes
and their transitions. Such analysis is difficult to achieve
experimentally but can be readily performed based on this
CFD-DEM simulations.

Figures 10–12 show the typical forces and relevant flow
information calculated in the slug-flow regime, the stratified
flow regime, and the dispersed flow regime. For better

Figure 8. Snapshots showing typical solid-flow patterns in the section between y 5 5.7 m and y 5 6.7 m with Ug5 14.0
m/s, corresponding to the pressure drop and solid concentration labeled with circles in Figures 3c and 4c.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 7. Snapshots showing typical solid-flow patterns in the section between y5 5.7 m and y5 6.7 m with Ug5 31.73
m/s, corresponding to the pressure drop and solid concentration labeled with circles in Figures 3g and 4 g.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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visualization, only particles whose center points are between
x ¼ �6.36 � 10�3 m, and x ¼ 6.36 � 10�3 m (near the ver-
tical central A-A plane in Figure 1) are presented here, and
the side view is shown. The results in the figures include the
spatial distributions of solid concentrations, radial gas veloc-
ity, axial gas velocity, gas-pressure drop along the pipeline,
axial particle velocity, axial fluid drag forces, axial pressure
gradient forces, and particle–particle forces. These corre-
spond to particle configures at different times. Here the ra-
dial results, which are small and not major factors account-
ing for the transport of particles along the pipeline, are not
considered for brevity, and to be dimensionless, the magni-
tude of the forces shown are expressed relative to the gravity
force of a particle.

It can be seen from Figure 10a that in the slug-flow re-
gime, particles inside a slug are densely packed, with uni-
form solid concentration around 0.58 near the center of the
pipe and a slightly lower value near the wall. In addition,
the head of the slug and the front settled layer, respectively,
have solid concentrations which are denser than those on the
tail and the back settled layer. Correspondingly, the gas ve-
locity inside the slug is uniform near the center of the pipe,
but with a higher value near the wall (Figure 10c). In con-
trast, only partial flows can be observed outside the slug,
featured with a relatively large axial gas velocity over the
settled layers. Furthermore, the axial gas velocity in the back
settled layer is larger than that in the front settled layer.
Overall, the radial gas velocity is negligible compared to the
axial gas velocity, having a random direction (Figure 10b).
This is also the case for other flow regimes (Figures 11b and

12b). Figure 10b also shows that the radial gas velocity
remains negative near the slug tail, but positive near the slug
head, as observed in other studies.58 Different from the ve-
locity distribution, the pressure drop mainly happens inside
the slug along the pipe, and is negligible outside the slug
(Figure 10d), similar to that observed by Tomita et al.73

Because of the aforementioned flow properties of gas phase,
the fluid-drag force shown in Figure 10f, and the pressure
gradient force shown in Figure 10g, is both several times the
particle gravity force inside the slug and less than particle
gravity force inside the settled layers and other parts. Inter-
estingly, it is found that the pressure gradient force has a
more uniform distribution in the radial direction than the
fluid-drag force, similar to those found in a vertical slug
flow.49 Note that the radial particle-fluid force, which is not
presented for brevity, is generally much smaller than the par-
ticle gravity force. These features of particle-fluid forces are
believed to result in the distribution of particle velocities
given in Figure 10e. As can be seen from the figure, the axial
particle velocity is close to zero in the front settled layer and
becomes large inside the slug, and is smaller in the back set-
tled layer. Actually, particles in the back settled layer gradu-
ally settle down when the slug moves away. For comparison,
the particle–particle force, as the driving force of a slug for
picking up particles in its front settled layers,58 is given in
Figure 10h. It can be seen that the particle–particle force is
mainly distributed near the middle section of the slug, and can
be a thousand times the particle gravity force. Such a force is
inclined to the horizontal direction and directed downward on
the slug head, as highlighted in Figure 10h. This is the same
as that observed in other studies.58 Here, the particle–particle
force is the normal contact force which is the major particle–
particle force resulting from the interactions between particles.

Figure 11a shows that in the stratified flow regime, solid
concentration in the dense layer except for the dune or clus-
ter (labeled by a circle), is looser than that in the settled
layers of slug flow. Because of the presence of the dune
with dense-solid concentration (�0.4), the gas passage at the
location of the dune becomes narrow. Consequently, the par-
tial flow of gas phase in the stratified flow is pronounced
near the front of the dune, featured with a large axial gas ve-
locity (Figure 11c). As expected, the radial gas velocity is
positive and becomes relatively large near the back of the
dune (Figure 11b). This causes a sudden change of pressure
drop along the pipe as shown in Figure 11d, which accounts
for the big fluctuation of pressure in the stratified flow re-
gime, as experimentally reported by Tomita et al.73 Other-
wise, a linear pressure drop is achieved. Figure 11c also
shows that, compared to the settled layers of slug flow, the
dense layer of stratified flow has a larger axial gas velocity.
Even so, the axial fluid-drag force in the dense layer is
below particle gravity (Figure 11f). In contrast, the sus-
pended particles over the dense layer obtain fluid-drag forces
larger than particle gravity, although still smaller than those
on the particles inside a slug (Figure 10f). In the stratified
flow regime, the pressure gradient forces are generally
decreased to the values far below particle gravity, even in
the dune (Figure 11g), and the particle–particle forces
decrease sharply, and distribute mainly in the dense layer
(Figure 11h). In general, the axial velocities of particles are
increased, and have a non-uniform distribution in the

Figure 9. Time-average solid concentration in the
cross-sectional area of the pipe for the sec-
tion between y 5 5.7 m and y 5 6.7 m: (a)
slug flow, (b) transition flow, (c) stratified
flow, and (d) dispersed flow; they correspond
to Figures 5-8, respectively.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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gravitational direction, with their magnitudes gradually
increasing from the bottom to the top (Figure 11e).

Figure 12 shows that in the dispersed flow regime, solid con-
centration is relatively dilute (\ 0.1) (Figure 12a), and the uni-
formity of particles in the gravitational direction is evidently
improved, compared to the stratified flow regime. This tendency
also happens to the axial gas velocity and the axial particle
velocity (Figure 12c). In addition, the pressure drop is observed
to decrease along the pipe linearly and smoothly (Figure 12d).
This leads to negligible pressure gradient forces on particles
(Figure 12g). In contrast to the pressure gradient forces, the
fluid drag forces on all particles except for those very close to
the pipe walls are larger than particle gravity forces (Figure
12f). Because of the low-solid concentration in the dispersed
flow regime, particle–particle interaction becomes occasional,
and mainly in the lower portion of the pipe (Figure 12h).

Roles of the Forces in the Pressure Drop-Gas Velocity
Phase Diagram. The pressure drop in pneumatic conveying
is composed of the gas-only pressure and the pressure drop
due to the presence of solid particles.74 Our previous study49

suggests that these two subpressure drops can, respectively, be
directly estimated according to the gas-wall friction force and
the particle-fluid force in vertical pneumatic conveying,

and, thus, the pressure behavior can be further evaluated in
terms of forces and related parameters. This finding is exam-
ined using horizontal pneumatic conveying in this work. For
such a purpose, the definition of average volumetric particle-
fluid over a period of time as previously proposed49 is intro-
duced, given by

1

Dt
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Dt

1

Vsection

XNp;section

i¼1

f i

 !" #
(6)

where fi represents the fluid-drag force or pressure gradient
force acting on particle i, Np,section and Vsection are the number
of particles in a considered pipe section and the volume of the
pipe section, respectively.

Figure 13 shows the average volumetric fluid drag force,
pressure gradient force, gas-wall friction force, and the sum
of the three forces as a function of gas velocity. Here, the
volumetric gas-wall friction force is estimated by the pres-
sure drop of gas flow in an empty pipe.75 It can be seen
from Figure 13 that as gas velocity increases, the fluid-drag
force decreases in the slug-flow regime, but increases to a
large value in the transition flow, and then decreases to a
normal level and gradually reduces to a minimum, followed

Figure 10. Snapshots showing the spatial distributions of forces on particles and the related flow properties on
the A-A sectional plane for the slug-flow regime: (a) solid concentration; (b) radial gas velocity; (c) axial
gas velocity; (d) average axial pressure drop along the pipeline; (e) axial particle velocity; (f) axial fluid-
drag force; (g) axial pressure gradient force; (h) normal contact force, corresponding to Figure 5b.

In this figure (and Figures 11 and 12), mg denotes the gravity of a particle and is the units of the forces shown. [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com.]
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by a slight increase. The pressure gradient force is almost
the same as the fluid drag force in the slug-flow regime and
the transition flow; however, it becomes very small (close to
zero) in both the stratified flow regime and the dispersed
flow regime. In contrast, the gas-wall friction increases in an
almost linear way. It appears that the tendencies of the three
forces are different from that of pressure drop shown in Fig-
ure 2. However, one may note that the curve for the sum
of the three forces is quantitatively equal to the pressure
drop given in Figure 2. Therefore, it can be concluded
that in horizontal pneumatic conveying, the pressure drop
can also be estimated using the particle-fluid force and
gas-wall friction force, as done in vertical pneumatic con-
veying. Based on such a finding, it can be seen from Fig-
ure 13 how the particle-fluid forces and gas-wall friction

force contribute to the pressure behaviors in Figure 2. Evi-

dently, in the slug-flow regime and the transition flow, the

pressure drop is determined by the pressure gradient force

and the fluid-drag force. However, in the stratified-flow re-

gime and the dispersed-flow regime, the pressure drop is

mainly controlled by the fluid-drag force and the gas-wall

friction.
The fluid-drag force or the pressure drop related to the

fluid drag can be further analyzed in relation to the gas and

solid-flow structure. By definition, it is a function of solid

concentration and relative velocity between gas and particle.

Figure 14 shows how the two factors vary with gas velocity.

Here the average relative velocity over a period of time is

calculated by

1
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It can be seen from the figure that with increasing gas
velocity, the relative velocity between particles and gas
increases linearly, whereas solid concentration rapidly
decreases initially and then slows down. In contrast to par-
ticle-fluid forces, neither solid concentration nor relative
velocity can be used to directly identify the transition flow.
This may be due to the fact that the average solid concen-
tration alone can only reflect how many particles are
located in the considered pipe section, not the number of
particles transported along the pipeline. The latter is more
related to the characteristics of pressure drop in different
flow regimes. A similar problem exists in the average parti-
cle velocity. In addition, the role of pressure gradient is
heavily dependent on the structures of flow regimes, and

Figure 11. Snapshots showing the spatial distributions of forces on particles and the related flow properties on
the A-A sectional plane for the stratified flow regime: (a) solid concentration; (b) radial gas velocity; (c)
axial gas velocity; (d) average axial pressure drop along the pipeline; (e) axial particle velocity; (f) axial
fluid-drag force; (g) axial pressure gradient force; (h) normal contact force, corresponding to Figure 6a.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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cannot be reflected by average solid concentration and par-
ticle velocity.

New Phase Diagram. The pressure drop-gas velocity
phase diagram (Figure 2) focuses on pressure drop which is

related to gas phase only. It indirectly reflects how a gas–solid
flow behaves in pipelines. Consequently, such a diagram may
not correspond well to a visualized particle flow pattern and
has limitations in its application, as discussed earlier. To over-
come this problem, we have attempted to use the forces gov-
erning particle motions to directly describe particle behavior in
pneumatic conveying. That is, we try to establish a new phase
diagram in terms of the forces governing the particle flow.

Following our recent studies on pneumatic conveying,49,58 we
analyze particle–particle, particle-fluid and particle-wall forces
at two scales: pipe scale and particle scale. The pipe-scale anal-
ysis considers forces acting on a sectional pipe, whereas the par-
ticle-scale analysis focuses on forces acting on an individual
particle. At the pipe scale, the volumetric average particle–parti-
cle force over a period of time can be calculated by

jFjpipe ¼
1

Dt

X
Dt

1

Vsection

XNp;section

i¼1

Xki
j¼1
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The force, as an internal interaction within a particle as-
sembly is equal to zero, because they can be cancelled out
according to Newton’s third law of motion. However, this

Figure 12. Snapshots showing the spatial distributions of forces on particles and the related flow properties on
the A-A sectional plane for the dispersed flow regime: (a) solid concentration; (b) radial gas velocity; (c)
axial gas velocity; (d) average axial pressure drop along the pipeline; (e) axial particle velocity; (f) axial
fluid-drag force; (g) axial pressure gradient force; (h) normal contact force, corresponding to Figure 7b.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 13. Average volumetric fluid drag force, pres-
sure gradient force and gas-wall friction
force as a function of gas velocity.
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does not hold for the particle–particle force at a particle
scale, which is here expressed as

jFjparticle ¼
1
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(9)

Equation 9 can also apply to the calculation of the parti-
cle-wall interaction force, with particle j replaced by a wall.
Figure 15 shows the so obtained volumetric average parti-
cle–particle and particle-wall forces. To be consistent, the
sectional pipe considered here is the same as that used in the
aforementioned discussions. It can be seen from the figure
that as gas velocity increases, the particle-wall and the parti-
cle–particle forces both decrease rapidly in the slug-flow re-
gime, but increase to a large value in the transition flow re-
gime, and then decrease to a normal level and finally reduce
gradually. The results indicate that the particle-wall force is
always dependent on the particle–particle force in this condi-
tions, or vice versa. This dependence remains the same at
high-gas velocities, unlike vertical pneumatic conveying
where the particle-wall force may become more and more
independent of the particle–particle force with increasing gas
velocity.49 This can be explained later. In the slug, transi-
tion, and stratified flow regimes, the particle–particle interac-
tion can transfer to pipe wall through the contacts between
particles, which can be demonstrated by the network of the
normal contact forces given in Figure 16a and 16b. Note
that here the force network of the transition flow is not given
as it is similar to that of slug flow. Such a force network
cannot be established in the dispersed flow regime as the
particles are very dilute and thus have only a few occasional
collisions (Figure 16c). However, because of the gravity
force, particles hit by other particles in a horizontal pipe
have higher chance of hitting pipe wall than those in a verti-
cal pipe. Thus, the relation between the particle–particle
force and particle-wall force is stronger in horizontal pneu-
matic conveying.

The forces on a particle or a particle assembly can be gener-
ally classified into three categories. These are the particle-fluid

force which here is the sum of the fluid drag and pressure gra-
dient forces, the particle–particle and particle-wall forces (the
two are grouped together because they behave similarly and
are of the same nature), and the gravity force. This will pro-
duce two dimensionless numbers,

Q
1 and

Q
2, given by:
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(b) at the particle scale
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Figure 15. Average volumetric particle-particle and par-
ticle-wall forces as a function of gas velocity.

Figure 14. Average solid concentration and relative ve-
locity of gas to particle as a function of gas
velocity.
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Figure 17 shows the phase diagram in terms of the two
dimensionless numbers. It can been seen from the figure,
that no matter whether at a pipe scale or a particle scale, the
phase diagrams can give the same message. There are two
regions: the particle–particle or particle-wall interaction is
almost constant at the smallest value in the left region, but
increases with the increase of

Q
2 in the right region, and the

boundary of the two regions is located at the minimum ofQ
1. The stratified flow regime and the dispersed flow regime

are located in the left region, while the slug and transition
flow regimes belong to the right region. This is slightly dif-
ferent from the pressure drop-gas velocity phase diagram
(Figure 2), where two regions, i.e., dilute-phase flow and
dense-phase flow also exist, but to which region the stratified
flow regime belongs may depend on the conditions consid-
ered, as reported in the experiments of Jama et al.2 and
Lecreps and Sommer.3 Moreover, it is of interest to find that

in Figure 17 the transition flow and the slug-flow regime are
in the same straight line, although the distance between them
is distinctly large. However, in Figure 2 the transition flow
deviates greatly from the curve of slug flow. Notably, the
new diagram for horizontal pneumatic conveying are similar
in profile to that for vertical pneumatic conveying,49

although flow regimes in horizontal pipes are much more
complicated. However, their curves are different in position
due to the different effects of gravity force on flow regimes,
which are not taken into account by the dimensionless num-
bers used.

Effects of other parameters

It is known that flow regimes in pneumatic conveying are
affected by many variables related to material properties,
operating conditions, and pipe geometries. It would be of in-
terest to examine how the change of any of such variables
affects the aforementioned findings. This will need a system-
atic study that is far beyond the current research effort
because the number of variables is quite large. Nonetheless,
we consider other four cases and vary some variables as
listed in Table 2 to examine if our findings, particularly

Figure 16. Snapshots showing network of normal con-
tract force in (a) the slug-flow regime and
(b) the stratified flow regime, and (c) spatial
distribution of normal contact force in the
dispersed flow regime, for squared regions
in Figures 10g, 11g and 12g, respectively.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

Figure 17. Phase diagram in terms of the forces on
particles: (a), at the pipe scale; and (b), at
the particle scale; * CASE I, ~ CASE II, ^
CASE III, h CASE IV, 3 CASE VI.
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those related to the new phase diagram, are affected under
different conditions.

In CASE II and CASE III, the gas velocity is varied at a
fixed flow rate to obtain different flow regimes, as done in
CASE I. Other key parameters such as pipe size and particle
properties are constant but different from those in CASE I
(see Table 2). As expected, the slug-flow regime, the transi-
tion flow, the stratified flow regime, and the dispersed flow
regime are obtained in both cases. The corresponding pres-
sure characteristics are plotted in Figure 18, where the
results of CASE I are also given for comparison. It can be
seen from the figure that the characteristics of pressure drops
are similar for the three cases. Their solid-flow patterns and
the forces acting on particles are also similar, which are not
presented for brevity. These results are reasonable as the
flow conditions in the three cases are close to each other to
some degree.

Other two extreme cases are also considered in order to
examine these findings, which involve only low-gas veloc-
ities (CASE IV), and high-gas velocities (CASE VI), respec-
tively. In CASE IV, the gas velocity ranges from 1.7 m/s to
2.3 m/s, where only the slug flow regime is obtained.
Because of the low-gas velocity, the number of particles
used in the simulation is large, which is very demanding in
computation. Periodic boundary conditions (PBC) are, hence,
applied to both gas and particles in the flow direction to
improve computational efficiency, as done elsewhere.58 It
should be pointed out that at this stage of development; there
is a difficulty in applying the PBC treatment generally. The
problem is that in such a CFD-DEM simulation, the number
of particles is preset, which gives different solid-flow rates
when gas velocity and other pneumatic conveying conditions
vary.58 It is difficult to control solid-flow rate when PBC is
used. In this work, therefore, simulations with PBC were
made only for CASE IV, to generate some data correspond-
ing to different but uncontrolled solid-flow rates. In CASE
VI, coarse particles (dp ¼ 2.05 mm) with much larger den-
sity (qp ¼ 2,500 kg/m3) are used, and, thus, only the strati-
fied flow regime is observed even at high-gas velocities (Ug

¼ 23.0 – 35.0 m/s). The pressure drops in CASE IV and
CASE VI are also plotted in Figure 18. As can be seen from
the figure, CASE IV has a high-pressure drop due to the
presence of slugs in the pipe although the velocity consid-
ered is very low, while the pressure drops in CASE VI is
relatively low as the flow patterns involved are in the strati-
fied flow regime. These are consistent with the results in the
first three cases, and qualitatively agree with our general
observations of horizontal pneumatic conveying.3,11,14

Figure 17 shows the results in the new phase diagrams for
all the cases considered. It is of great interest to note that in
the new diagram all the simulation data collapse in one
curve, although the data in Figure 18 are very scattered par-
ticularly at the relatively low-gas velocities. Note that the
data in Figure 17b at a particle scale are slightly more scat-
tered than those in Figure 17a at the pipe scale. This may be
attributed to the chaotic flow behavior of particles and the
resulting particle–particle collisions. Nonetheless, these
results indicate the generality of the new phase diagram.

Compared to the pressure drop-gas velocity phase diagram,
the new phase diagram as shown in Figure 17 not only has a
profile independent of the conditions considered, but also can
better represent the underlying fundamentals. For example, it
highlights an important characteristic of a dilute-phase flow
that the particle–particle and particle-wall forces are small, if
not negligible, compared to those in a dense-phase flow.
Here, the so-called dilute-phase flow is a flow where

Q
1

almost keeps constant and small, corresponding to the dis-
persed flow regime and the stratified flow regime, and the
dense-phase flow is a flow where

Q
2 increases with the

increase of
Q

1, corresponding to the slug-flow regime and
the transition flow regime. The concepts are similar to those
used in the pressure drop-gas velocity phase diagram. How-
ever, physically, they are different. In the old phase diagram,
the division between the dilute- and dense-phase flows is
based on the decrease and increase of pressure drop, as shown
in Figure 2. It is case-dependent, as shown in Figure 18. This
problem can be overcome in the new phase diagram as noted
earlier. This is because the new diagram is based directly on
the forces governing the behaviors of particles and, hence, is
fundamentally more reliable. On the other hand, visual obser-
vations give more flow regimes. Some of these flow regimes
(stratified flow and transition flow) cannot be recognized in
this phase diagram. While the need for their full reorganiza-
tion is questionable, it is certainly useful to better understand
the transition flow regime that can be identified in the pres-
sure drop-gas velocity diagram. This will be investigated fur-
ther in our future research.

Conclusions

A 3-D CFD-DEM model has been used to study the flow
regimes in horizontal pneumatic conveying. The results from
this work can be summarized as follows:

1. This model can satisfactorily capture the key flow
behaviors observed, such as particle flow pattern and gas
pressure characteristics. In particular, it can reproduce the
transition from slug-flow regime, to transition flow, to
stratified flow regime, and finally to dispersed flow regime
with the increase of gas velocity for given conveying con-
ditions.

Figure 18. Phase diagram of horizontal pneumatic con-
veying corresponding to the conditions
listed in Table 2.
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2. The mechanisms underlying the relationship between
pressure drop and gas velocity have been analyzed. It is
shown that the pressure drop in the slug-flow regime and
the transition flow is controlled by the fluid-drag force
and pressure gradient force. However, the pressure gradi-
ent force is close to zero in the stratified flow regime and
the dispersed flow regime, and the pressure drop is mainly
dependent on the gas-wall friction force and fluid-drag
force.

3. The forces governing the flow of particles have been
analyzed at the pipe and particle scales, resulting in the
establishment of a new phase diagram to distinguish the
dense- and dilute-phase flows. In the diagram, the particle–
particle and/or particle-wall force increases with the increase
of the particle-fluid force in the slug-flow regime and the
transition flow regime, but is small, if not negligible, in the
stratified flow regime and the dispersed flow regime. There
is evidence showing the changes of material properties, flow
condition or pipe geometry will not affect the trends estab-
lished in this diagram.
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Notation

d ¼ particle diameter, m
D ¼ diameter of pipe
E ¼ Young’s modulus, Pa
f ¼ particle scale forces, N
F ¼ volumetric force, N�m�3

g ¼ gravitational acceleration, m�s�2

I ¼ moment of inertia of particle, kg�m2

k ¼ turbulent kinetic energy
ki ¼ number of particles in contact with particle i
L ¼ length of pipe, m
T ¼ torque, N�m
m ¼ mass of particle, kg
P ¼ pressure, Pa
Dr ¼ vector from cell center to particle center position, m
R ¼ vector from the mass center of the particle to the contact

point, m
t ¼ time, s
v ¼ particle translational velocity, m�s�1

V ¼ volume, m3

u ¼ gas velocity, m�s�1

ui ¼ the component of the velocity vector u
U ¼ superficial velocity, m�s�1

w ¼ mass flow rate, kg�s�1

xi ¼ Cartesian coordinate

Greek

dt ¼ vector of the accumulated tangential displacement between
particles i and j

e ¼ dissipation of turbulent kinetic energy
ef ¼ porosity
c ¼ damping coefficient
g ¼ gas viscosity, kg�m�1�s�1

q ¼ density, kg�m�3

x ¼ particle angular velocity, s�1

x
_ ¼ unit vector defined by x

_ ¼ x=jxj
l ¼ friction coefficient
s ¼ fluid viscous stress tensor, kg�m�1�s�2

Subscripts

c ¼ contact
cell ¼ computational cell
d ¼ damping

drag ¼ fluid-drag force
f ¼ fluid
i ¼ particle i
ij ¼ between particles i and j
j ¼ particle j
n ¼ normal component
p ¼ particle

p-f ¼ particle-fluid
pgf ¼ pressure gradient force
r ¼ rolling friction
s ¼ sliding

section ¼ pipe section
t ¼ tangential component
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