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Pneumatic conveying is an important operation used inmany industries for the transportation of granular mate-
rials from one place to another. In recent years, many efforts have been made to study this transport process by
means of the numerical approach of combing discrete element method (DEM) for particles and computational
fluid dynamics (CFD) for gas. Such studies have been focused on understanding and predicting the gas-solid
flow characteristics and process performance over a broad range of conditions, aiming to achieve optimal system
design and control. This paper reviews the progress in this area, covering the formulation, validation and appli-
cation of the mathematical models proposed. The emphasis is given to the modelling of key phenomena such as
flow regimes and transition, pipewear, particle attrition, and electrostatics. The needs for future research are also
discussed.
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1. Introduction

Pneumatic conveying has been widely used in various industries to
transport granular materials from one place to another. For example,
the solids processing industry estimates that the pneumatic conveying
systemmarketwill grow to $30 billion by 2025 [1]. Some advantages as-
sociatedwith this method of solid transportation include relatively high
levels of safety, low operational costs, flexibility of layout, ease of auto-
mation and installation, and low maintenance requirements. On the
other hand, pneumatic transport has some disadvantages with respect
to equipment wear, product degradation, electrostatics, and high
power consumption [2]. Therefore, how to minimize these disadvan-
tages is the key for the design, control, and optimization of pneumatic
conveying. This raises a need for better understanding and prediction
of pneumatic conveying characteristics.

In general, the pipelines of pneumatic conveying consist of a series of
straight sections and bends, whichmay be arranged horizontally or ver-
tically, or in an inclined matter. Also, the transport distance can vary
from a few meters up to a few miles, along which the compressible
gas somewhat expands as the pressure declines, leading to the decrease
of gas density and the increase of gas velocities. Depending on material
properties, geometries and operational conditions, different flow re-
gimes and their transition may take place along conveying pipelines.
For example, slug flow, unstable transition flow, stratified flow, and sus-
pension flow can in turn be observedwhen superficial gas velocity is in-
creased for a given solid flow rate in the horizontal pneumatic
), aibing.yu@monash.edu
conveying of light and free-flowing granular products. Based on the
flow regimes involved, pneumatic conveying can be classified into two
modes: dense-flow and dilute-flow modes. In the dense-phase mode
like slug flow and stratified flow, the pressure drop decreases with the
increase of superficial gas velocity. However, this does not apply to the
transition flow occurring at gas velocities between those for slug and
stratified flows, and the pressure of the transition flow may increase
to be extraordinarily high, leading to very unstable solids transportation
and even pipeline blockage [3,4]. On the other hand, in the dilute mode
like suspension flow, the pressure drop increases as the superficial gas
velocity increases. Overall, dense-phase pneumatic conveying has less
power consumption, pipewear and product damage compared than di-
lute-phase one which is, however, suited for a broader range of mate-
rials. These complicated features bring difficulties for developing a
general and reliable method for the design and control of a pneumatic
conveying system. In fact, in spite of the fact that there are many pneu-
matic conveying systems operating reliably throughout the world, the
lack of a comprehensive theory is still of concern [5].

In recent years, in linewith the development of computational tech-
nology, numerical models have been widely used to reveal fundamen-
tals underlying pneumatic conveying and increasingly used to assess
process performance. The models may be continuum- or discrete-
basedwith respect to particles or the solid phase. The former is typically
represented by the so-called Two-Fluid Model (TFM). Because of its
computational convenience and efficiency, the TFM approach has been
used to study pneumatic conveying under different conditions (see,
[6–15], for example). However, the effective use of a continuum
model is heavily dependent of constitutive relations that are employed
to close the governing equations of themodel. At present, the TFM stud-
ies have been appliedmainly to pneumatic transport of powders or fine
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particles [6–12], although mixtures of fine and coarse particles are
widely observed in practice. Moreover, it is yet a challenge to develop
a TFMmodel to reproduce all the typical flow regimes and transition.

The discrete-based approach is typically represented by the com-
bined approach of Computational Fluid Dynamics and Discrete Element
Method (CFD-DEM) or Lagrangian Particle Tracking method (CFD-LPT).
The latter, which is also named as CFD-DPM (Discrete particle Method)
in literature, canbe thought as a simplifiedCFD-DEMmodel ignoringpar-
ticle-particle interactions. Thus, the CFD-LPT approach is valid only to
pneumatic conveying conditions where particle-particle collision does
not play an important role [16–18]. Unlike the TFM approach, the CFD-
DEMapproachdoesnotneed the complex constitutive relationsbetween
the stress and strain tensors for discrete particles under different flow
conditions, and thus canapply toawide rangeofflowsystems.Moreover,
it can generate microscopic information such as the trajectories of and
forces acting on individual atoms or particles, which is important to un-
derstand the mechanisms underlying particle-fluid flows [19,20].

The CFD-DEM approach was firstly proposed by Tsuji et al. for the
studies of slug-flow pneumatic conveying [21] in 1992 and fluidization
[22] in 1993, and then followed bymany others. This approach, after ra-
tionalizedbyXuandYu [23,24], has beenwidely accepted as aneffective
tool to study particle-fluid systems [19,20]. Pneumatic conveying is one
of the major areas tackled by the CFD-DEM approach. Fig. 1 shows that
publications in this area have a rapid increase in recent years. Generally,
the earlier CFD-DEMmodels for pneumatic conveying have been based
mainly on some simplified models, where three-dimensional (3D) par-
ticle flowwas sometimes treated as 2D and gasflowwas 2D or 1D, lead-
ing todifferentmodels resulting fromdifferent combinations, suchas1D
CFD-3DDEM [21,25–29], 2DCFD-2DDEM [30–43], and2DCFD-3DDEM
[44–46]. In recent years, efforts have been increasinglymade to develop
and apply full 3D CFD-DEM models [47–73] and consider the effect of
particle shape [53,58,60–63,69,70,73]. These efforts are necessary to
generate realistic simulation results. In particular, at least 70% of raw
materials consist of non-spherical particles in modern industries and
particle shape plays a key role in determining the behaviors of bulk
solids [74]. Alongwith themodel development, various key phenomena
in pneumatic transport havebeenmodelled and analysed, coveringflow
regimes especially slug flow [21,26–29,31,33,34,41,44,45,50,51,54–
56,59,71,72], flow transition [25,36,37,39,42,50,53–55,59], pipe wear
[48,58,64,70,75,76], particle attrition [30,35,52,69,73], electrostatics
[37–39,42,43,67,77], and heat transfer [32].

This paper reviews the development and application of CFD-DEM
models to pneumatic conveying, with reference to the formulation, val-
idation, and application of the models. It is structured as follows. In
Section 2, the model framework is outlined. In Section 3, the numerical
studies of various key phenomena are discussed. The emphasis is given
to the efforts inmodellingflow regimes,flow transition, pipewear, elec-
trostatic charge, particle attrition. In Section 4, the development of
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Fig. 1.Number of publications related to CFD-DEMmodelling and simulation of pneumatic
conveying since 1992, obtained fromWeb of Science.
large-scale simulations is discussed in handling industrial applications.
Section 5 provides a summary and discusses some needs for future re-
search and developments.

2. Framework for mathematical modelling

2.1. Governing equations for particle flow

The solid phase is treated as a discrete phase and described by the
DEM method originally proposed by Cundall and Starck [78]. In the
DEM approach, a particle has two types of motion: translational and ro-
tational, both obeyingNewton's second law ofmotion. During itsmove-
ment, the particle may collide with its neighboring particles or with
walls and interact with the surrounding fluid, through which momen-
tum is exchanged. At any time t, the equations governing the transla-
tional and rotational motions of particle i in this flow system are:

mi
dvi
dt

¼ fp‐ f ;i þ
Xkiþkw

j¼1

fc;ij þ fd;ij
� �þmig ð1Þ

and

Ii
dωi

dt
¼
Xkiþkw

j¼1

Tt;ij þ Tr;ij
� �þ Tls;i ð2Þ

wheremi, Ii, vi andωi are themass, moment of inertia, translational and
angular velocities of particle i, respectively; fp-f,i represents the particle-
fluid force; fc,ij and fd,i are, respectively, the elastic and viscous contact
damping forces between particle i and particle/wall j;mig is the gravita-
tional force, and Tij is the torque acting on particle i due to particle/wall j.
For a particle undergoing multiple interactions, the forces and torques
are summed over the ki particles and the kw walls in contact with parti-
cle i. Different contact force models have been developed to calculate
the particle-particle and particle-wall interaction forces, as summarised
elsewhere [19,79]. Usually, the damping coefficient in a contact force
model is linked to the restitution coefficient that describes the loss of ki-
netic energy during a particle-particle/wall collision. Restitution coeffi-
cient may vary with impact velocity and particle/wall material
properties [79,80]. Its dependence on impact velocity is conditional in
DEM-based simulations, up to the contact force model involved [79].
For example, a linear spring-dashpot model provides a constant restitu-
tion coefficient,which can also occur to non-linearmodels under certain
conditions [81]. Nevertheless, Table 1 lists the commonly used non-lin-
ear models [82–85].

The particle-fluid force fp-f,i, as listed in Table 2, is the sumof all types
of particle-fluid interaction forces acting on individual particles by fluid.
The modelling of pneumatic conveying includes mainly the fluid drag
force fdrag,i and pressure gradient force f∇p,i, and in some occasion, vis-
cous force f∇⋅τ,i, virtual mass force fvm,i, and lift forces such as the
Saffman force fls,i andMagnus force flm,i. When the gas flow is turbulent,
a particle experiences at its position an instantaneous fluid velocity,
which is stochastic. The effect of this stochastic flow behavior on the
particle, namely, turbulent dispersion effect, should be taken into ac-
count. The instantaneous fluid velocity ~u consists of the mean velocity
u and thefluctuating velocityu′. Differentmodelsmay be used to obtain
instantaneous fluid velocities. For example, when the gas flow is solved
using the Reynolds-Averaged Navier–Stokes (RANS) equations, the
mean velocity is obtained by the solution of RANS equations, while
the fluctuating velocity has to be reconstructed from the turbulent ki-
netic energy given by a gas turbulence model according to a Gauss dis-
tribution with a zero mean and standard deviation (2 k/3)1/2 [86]. To
estimate turbulent dispersion effect in a CFD-DEM simulation, fluid
drag forces are calculated using instantaneous gas velocities directly
other than by mean velocities as done usually. Note that in the CFD-
LPT approach, a particle is assumed to interact with the fluid phase



Table 1
Non-linear contact forces and torques acting on particle i.

Forces and torques Symbol Equations

Normal forces Contact fcn,ij − 4
3 Y

� ffiffiffiffiffi
R�p

δ3=2n n̂
Damping fdn,ij −γnð6mijY

� ffiffiffiffiffiffiffiffiffiffi
R�δn

p
Þ1=2vn;ij

Tangential forces Contact fct,ij −μsjfcn;ijj½1−ð1− minfjδt;ijj; δt;ij; maxg=δt;ij; maxÞ3=2�δ̂t
Damping fdt,ij ‐γtð6μsmijjfcn;ijj

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1−δt;ij=δt;ij; max

p
=δt;ij; maxÞ1=2vt;ijðδt;ijbδt;ij; maxÞ

Torque by tangential forces Tt,ij Rij × (fct, ij + fdt, ij)
Rolling friction torque Tr,ij μr;ijdijfn;ijjω_t;ij

where, 1
R� ¼ 1

jRi j þ 1
jR j j, Y

� ¼ Y
2ð1−v2Þ, n̂ ¼ Ri

jRi j, ω_t;ij ¼ ωt;ij
jωt;ij j, δ̂t ¼ δt

jδt j, δt;ij;max ¼ μs
2−v

2ð1−vÞ δn , vij= vj − vi+ωj × Rj −ωi × Ri, vn;ij ¼ ðvij � n̂Þn̂, vt, ij= vij− vn, ij
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eddy over the smaller of the eddy lifetime and the eddy crossing time
[87]. Thus, when this time is reached, a new value of the instantaneous
velocity needs to be reconstructed even within a given time step. This
situation essentially requires a variable time step, which is yet difficult
to implement in the CFD-DEM approach where a fixed time step is
often used. In addition, to be general, the drag correlation used needs
to cover a wide range of porosities and flow regimes. On account of
this, Ergun-Wen-Yu's correlation [88,89] and De Felice's correlation
[90] are often used, which have been formulated based on extensive ex-
perimental data. Recently, various numerical simulations have also been
conducted on a sub-particle level to establish more general drag corre-
lations for considering, for example, the effects of particle shape [91,92],
particle size [93,94], porosity [95], and non-Newtonian fluid rheology
[96–98].

The torque acting on particle i due to particle j includes two compo-
nents. One arises from the tangential forces given by Tt,ij = Ri,j × (fct,ij +
fdt,ij), where Ri,j is a vector from the centre of mass to the contact point,

and another is the rolling friction torque given by Tr;ij ¼ μr;ijdijfn;ijjω_t;ij,
where μr,ij is the (dimensionless) rolling friction coefficient and di is par-
ticle diameter [85]. The second torque is attributed to the elastic hyster-
esis loss and viscous dissipation in relation to particle-particle or
particle-wall contacts, and it causes the decay in the relative rotational
motion of particles. For viscoelastic material, it has been reported that
μr,ij together with other parameters of DEM simulation can be evaluated
Table 2
Particle-fluid forces and torques acting on particle i.

Forces/torques Equations

Fluid drag force, fd,i fd;i ¼ 1
8CD0π

βðε f ; h ReiÞ ¼
αðdi; xi; ε f Þ ¼

hdi ¼ ½∑
i
xi=

Pressure gradient force, f∇p,i − ∇ PVp

Viscous force, f∇⋅τ,i εs ∇ ⋅ τ
Virtual mass force, fvm,i fvm;i ¼ 1

2ρ f V
Saffman lift force, fls,i f ls;i ¼ 1

8 6:46C

D = (∇u) +

Cls ¼ e−0:1

0:052

�

βls ¼ 0:5
ffiffiffi
D

p
ju−

Magnus lift force, flm,i f ls;i ¼ π
8 d

3
i ρ fΩ = 0.5 ∇ ×

Clm ¼ 0:45þ
Torque due to particle-fluid interaction, Tls,i Tls;i ¼ ρ f

2 d3i ðd2
Clmt ¼

64π
Rer
12:9
Rer

(

Fluid drag force obtained using instantaneous gas velocity, fd,t,i fd;t;i ¼ fd;ið~u
~u ¼ uþ u0
as a function of material properties [99,100]. Also, because of the inter-
action between particle and viscous fluid, a torque Tls,i acting on the par-
ticle by the fluid may be considered [101], which can be determined by
the correlation listed in Table 2.

2.2. Governing equations for gas flow

The gas flow is treated as a continuous phase andmodelled in a sim-
ilar way to the one in the conventional two-fluid modelling. Thus, the
governing equations are the conservation of mass and momentum in
terms of local mean variables over a computational cell. Generally,
three model formulations are available [51,102]: an original format
Set I, and subsequent derivations of Set II and Set III respectively corre-
sponding to the so-calledModel A andModel B in literature. Sets I and II
result from different treatments of fluid stress tensor term in the origi-
nal equation, but they are essentially the same. Set III is simplified
from Set I by adopting certain assumptions, e.g. steady and uniform
flow when calculating the pressure gradient and viscous forces. Corre-
spondingly, the mass and momentum equations of gas phase are re-
spectively given as follows:

∂ ρ f ε f

� �
∂t

þ ∇ � ρ f ε fu
� �

¼ 0 ð3Þ
Refs

ρ fαðdi; xi; εÞyihdi2ju−vijðu−viÞε2−βðε;h ReiÞ
f

2:65ðε f þ 1Þ−ð5:3−3:5ε f Þε2f exp½− ð1:5− logh ReiÞ2
2 �

0:5ð1þε f ÞX
i

xi
yi2

þ 0:5yi þ 0:5ð1−ε f Þyi2

di�−1 , yi ¼ di
hdi, h Rei ¼

ε f ju−vi jhdi
ν

[93,156]

[157]
[157]

pð∂u∂t þ uð∇ � uÞ− dvi
dt Þ [158]

lsd
2
i
ffiffiffiffiffiffiffiffi
ρ f μ

p ðu−viÞ�Dffiffiffiffi
D∥

p
(∇u)−1

Rep−0:3314
ffiffiffiffiffiffi
βls

p ðe−0:1 Rep þ 1Þ Rep ≤40
4

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
βls Rep

p
RepN40ffi

∥dp
vi j 0:005 b βls b 0:4

[159,160]

Rep
Rer

Clm½Ω� ðu−viÞ�
u − ωiRer = ρfdi2|Ω|/μRep, i = ρfdi|u− vi|/μ Rep, i ≤ 2000

ð Rep
Rer

−0:45Þe−0:05684 Re0:4r Re0:3p

[161]

iÞ5Clmt jΩjΩ
Rer ≤32

þ 128:4
Rer

32 b Rer ≤1000

[101]

−viÞ [86]
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and

Set I :
∂ ρ f ε fu
� �

∂t
þ ∇ � ρ f ε fuu

� �
¼ −∇P−FSet Ip− f þ ∇ � τþ ρ f ε fg ð4aÞ

where FSet Ip− f ¼ 1
ΔV
Pkc

i¼1ðfdrag;i þ f∇p;i þ f∇�τ;i þ f}i Þ and fp−f, i = fdrag, i

+ f∇p, i + f∇⋅τ, i + fi"

Set II :
∂ ρ f ε fu
� �

∂t
þ ∇ � ρ f ε fuu

� �
¼ −ε f∇P−FSet IIp− f þ ε f∇ � τ

þ ρ f ε f g ð4bÞ

where FSet IIp− f ¼ 1
ΔV
Pkc

i¼1ðfdrag;i þ f}i Þ and fp−f, i = fdrag, i + f∇p, i + f∇⋅τ, i
+ fi"

Set III :
∂ ρ f ε fu
� �

∂t
þ ∇ � ρ f ε fuu

� �
¼ −∇P−FSet IIIp− f þ ∇ � τþ ρ f ε f g ð4cÞ

where FSet IIIp− f ¼ 1
ε fΔV

Pkc
i¼1ðfdrag;i þ f}i Þ− 1

ΔV
Pkc

i¼1ðρ f Vp;igÞ and fp−f, i =

(fdrag, i + fi")/εf − ρfVp, ig
In Eqs. (4a), (4c), ρf, u, P and τ are the fluid density,fluid velocity and

pressure, and fluid viscous stress tensor, respectively, fi" = fvm, i + fls, i
+ flm, i, and τ is given by an expression analogous to that for a Newto-
nian fluid. That is

τ ¼ ηlaminar þ ηturbulent
� �

∇uð Þ þ ∇uð Þ−1
h i

ð5Þ

where ηlaminar is fluid molecular viscosity, and ηturbulent is the turbulent
viscosity which can be obtained using turbulence models depending on
applications, such as Spalart-Allmaras, k-epsilon, k-omega, Transition k-
kl-omega, Transition SST, Reynolds Stress, Detached Eddy Simulation, or
Large Eddy Simulation (LES), or direct numerical simulation [103].

In theory, bothModel A andModel B come from the originalModel B.
The difference between originalModel B andModel A is small, butModel
B adopts certain assumptions, e.g. steady and uniform flow when calcu-
lating thePGF andviscous force. Not surprisingly, itmayhave limitations.
These limitations do not cause serious problems for simple flow systems,
e.g., gasfluidizationorpneumatic conveyingwhere thedragandpressure
gradient forces are largely in the same direction and the acceleration of
pure fluid flow is negligible. However, for the complex flows, e.g., in
hydrocycloneswhere themagnitude of the pressure gradient force is sig-
nificant, and its direction is completely different from that of the drag
force, Model B predicts different results from Model A and original
Model B. To overcome this problem, Set I formulations (or the original
Model B) andModelA shouldbeused.Moreover, asModel Bhasdifferent
eigenvalues compared with Model A, the use of the original Model B
could solve the ill-posed problem associated with Model A.

2.3. Coupling schemes between particle and fluid flows

The modelling of particle flow by DEM is at an individual particle
scale, whereas the gas flow by CFD is at a computational cell scale.
Their coupling can be numerically achieved as follows according to
the work of Xu and Yu [23]. At each time step, the DEM provides infor-
mation, such as the positions and velocities of individual particles, for
the evaluation of porosity and volumetric particle-fluid force in each
computational cell. The CFD model then uses this information to com-
pute the gas flow field, which is used to obtain the particle-fluid forces
acting on individual particles. Incorporation of the resulting forces into
the DEMenables the determination of themotion of individual particles
for the next time step. The particle-fluid forces acting on individual par-
ticles will react on the fluid phase so that Newton's third law of motion
is satisfied. Some techniques useful to its implementation in a simula-
tion are given below.
2.3.1. Property mapping from computational cell center to individual
particle

In a CFD cell, there are many particles whichmay reside at any point
of the cell, whereas properties of the cell, such as gas velocity and pres-
sure drop, are usually stored in the center of the cell. To correctly calcu-
late the particle-fluid force acting on a particle, a mapping technique
that transforms a cell-based property into a particle-based property is
required. The least-square interpolation [104] can be used, which ex-
presses a gas property at a particle position as

φp ¼ φcell þ ∇φcell � Δr ð6Þ

where φp and φcell are the gas properties at the particle position and the
cell center, respectively; and Δr is the distance vector directed from the
cell center to the particle position. The gradient of the gas property
∇φcell at the cell center is evaluated by a weighted least-square method
[105].

2.3.2. Calculation of porosity and source terms
Fluid drag force and governing equations for gas phase are closely

associated with porosity that is usually calculated at a computational
cell level. By definition, the porosity value can be determined by 1.0
minus the ratio of the total volume of all particles in a computational
cell to that of the cell. To be computationally efficient in calculating po-
rosity, a particle is regarded to be completely in a computational cell as
long as its center is located within the space enclosed by the boundaries
of the cell, while errors arising from particles lying only partially within
a cell have largely been neglected. Neighboring cells can be included in
the calculation to minimize the errors [36,106]. To be more accurate,
only the partial volumes of particles that are included in a computa-
tional cell can be taken into account in porosity calculation when the
particles are located over the cell boundaries. In the past, various
methods have been proposed to calculate the partial volumes of parti-
cles based on, for example, analytical methods [107] and particle
meshing methods [108,109]. Also, some other approaches based on
local averaging theory [44], two grids [110], or diffusion-based averag-
ing theory [111,112] have been developed for handling complex geom-
etries meshed with various shapes and sizes of CFD cells. The diffusion-
based averagingmethod is established for spherical particles and its ex-
tension to non-spherical particles is not clear at present. The two-grid
method needs the mapping procedure between extra Cartesian grid
and original grid, causing accuracy loss. These problems do not occur
to the local averaging theory-based method, which can consistently
treat source terms imposed by particles on fluid. In this method, a prop-
erty at any point is calculated using a spherical cell, following the ap-
proach used in the local averaging of granular materials [113].
Therefore, the local porosity ε corresponding to a particle, usually de-
fined as the porosity value at the center of the computational cell
where the particle is residing, can be expressed as

ε ¼ 1−
PNp;sphere

i¼1 asphere;iVp;i

ΔVsphere
ð7Þ

where ΔVsphere is the volume of a spherical cell; Np,sphere and asphere,i are,
respectively, the number of particles and the fractional volume of parti-
cle i residing in the spherical cell. Correspondingly, the volumetric par-
ticle-fluid interaction force in the considered cell is calculated by

Fp− f ¼
PNp;sphere

i¼1 ashpere;i fp− f ;i

ΔVshpere
ð8Þ

Eqs. (7) and (8) also apply to spherical cells close to wall boundary,
where the region out of the computational domain is not considered. At
this stage of development, the size of such a spherical cell has to be de-
termined case by case [19,113]. The size of spherical cell can be simply
set to 3 particle diameters in many cases [50,54–56,59,72].
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3. Modelling and simulation of key pneumatic conveying
characteristics

3.1. Slug-flow pneumatic conveying

Slug-flow conveying mode is one of the most important recent de-
velopments in the field of pneumatic conveying. In such an operation,
particles are conveyed in the form of slugs that fill the entire cross sec-
tion. The slugs or plugs, separated by gas pockets, move gently along
the pipeline. This type of flow has the advantage over others that less
gas is needed to transport a given mass of solids. Moreover, pipe wear,
dust generation and product attrition generated by dilute-phase con-
veying can be significantly reduced [114]. However, the behaviors of
slug flow are very complicated and difficult to be described reliably by
a theoretical or empirical method, which restricts industrial applica-
tions. In particular, slug flow may have a high solid concentration,
approaching packing density within a slug. Also, particles may experi-
ence quasi-static flow, rapid flow, and transitional flow that lies be-
tween. These features raise challenges for the CFD-LPT and TFM
models, where constitutive relations have not been established for de-
scribing solid stresses governing slug behaviors together with particle-
fluid forces. The CFD-DEM approach does not need the global assump-
tions introduced into CFD-LPT and TFMmodels and thus is theoretically
more rational. Therefore, it can confidently predict complicated slug
flow. As such, since 1992, the CFD-DEM approach has been widely
used to understand the behaviors of slug flow in feeder [31,72], horizon-
tal pipe [21,25,26,28,29,33,34,36,41,44,45,51,54,56,59,71], vertical pipe
[26,27,36,37,50,71,72], inclined pipe [37,55] or bend [71]. Below dem-
onstrate the distinct features of CFD-DEM model in studying slug flow
from four aspects.

All in all, the CFD-DEM approach can realistically reproduce the
complicated flow patterns of slug flow under different conditions,
which has never been achieved by any other numerical models, to the
best of our knowledge. Fig. 2 presents such a typical examplewhere dif-
ferent slug behaviors in the vertical pipe of a newly developed feeder
have been obtained by the high-speed CCD camera and 3D CFD-DEM
model in the transport of 6-mm glass beads. It is shown that under
the condition considered, slugs with different lengths are formed.
Also, two slugs can be merged into one slug, while some slugs may be
pierced through by the air flow and collapse. Overall, the experimental
and numerical results are in reasonable agreement.

Fig. 3 shows the process of slug formation in horizontal pneumatic
conveying, where the behaviors of particles are more complicated com-
pared than those of a macroscopically stable slug. It can be seen that
Fig. 2. Comparison of slug flow patterns at Ug = 5.79m/s in the experiment and simulatio
particles go through four stages to finally form a stable slug after
they are loaded into a horizontal pipe from the top of the pipe, in-
cluding particle accumulation in the loading zone (being highlighted
by the solid red line) (Fig. 3a), formulation of the settled layer in the
loading zone and the downstream region (Fig. 3b), formation of a
relatively short slug (Fig. 3c–d), and growth in length into a stable
slug (Fig. 3e).

Fig.4 shows the predicted slug formation in a newly developed
feeder. It can be observed that particles, loaded into a draft tube type
feeder, are entrained into the vertical pipe by the gas-particle flow
through particle-fluid and particle-particle interactions. These particles
initially form small particle clouds or clusters at the entrance of the ver-
tical pipe, and are then merged into small slugs, which join together to
grow into a stable slug as they move upwards.

Here, it should be pointed out that feeder is the important part of a
pneumatic conveying system, however, the relevant research is not as
much as might be expected. Moreover, there are various types of
feeders, featured with complex geometries, and in some situations, mo-
bile parts. Itwould be interesting to apply the CFD-DEMapproach to un-
derstand the complicated gas and solid behaviors within feeders. The
results will, ultimately, help reduce the dependence of feeder design
and control on empirical experience.

Second, the CFD-DEM approach can be used to quantify the process
parameters of slug-flow conveying, such as pressure drop, slug length,
slug velocity, and settled layer thickness etc. For example, Fig. 5 gives
the predictions of slug velocity and settled layer thickness, which are
two main parameters widely used to characterize horizontal slug flow.
As seen from this figure, the slug velocity increases linearly with gas ve-
locity in both the predicted results and experimental measurements,
and they are in a good agreement with each other. It also shows that
the relations between the cross-sectional area ratio of settled layer to
pipe and the average particle velocity in a slug, predicted respectively
by the CFD-DEM simulations and the analytical model, reasonably
agree with each other.

Third, the CFD-DEM approach can provide some insights into the
particle and gas behaviors, which are not easy to obtain experimentally.
Fig. 6 gives an example showing the prediction of the characteristics of a
stable slug. As a slugmoves, it picks upparticles in the front settled layer
and leaves behind a new settled layer, and thus particles in the slug keep
updating with time (Fig. 6a–c). Also, particles in the center of a settled
layer move into the upper part of a slug while particles in the lower
part of a settled layer move into the lower area of the slug. As expected,
it is observed that the solid concentration in a slug is, to some degree,
non-uniform in radial and axial directions, however, its average value
n [72]: (1) slugs with random length, (2) downward merging and (3) slug collapse.



Fig. 4. Predicted slug formation in a newly developed feeder [72].

Fig. 3. Slug formulation in the slug flow regime: (left) particle flow patterns, and (right) gas flow fields [56].

Fig. 5. Comparisons of 3D CFD-DEM predictions [50] of horizontal slug flow with the experimental work of Tsuji et al. [21] and the analytical model of Konrad and Davidson [162]: slug
velocity (left) and settled layer thickness (right).
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over the cross-sectional pipe area fluctuates around a constant (Fig. 6d).
Also, the overall pressure drop in the pipe is mainly contributed by the
pressure difference across the slug.

Forth, CFD-DEM simulations can generate particle-scale forces sta-
tistics that govern particle behaviors, including particle-particle/wall
forces and particle-fluid forces. The analysis of such forces is useful to
elucidate complicated slug behaviors. Fig. 7 shows the predicted parti-
cle-particle and particle-fluid forces inside a slug for horizontal pneu-
matic conveying. The result suggests that the axial particle-fluid forces
inside a slug are much bigger than the radial ones. The axial particle-
fluid and particle-wall interactions macroscopically control the move-
ment of a slug, whereas the particle-particle interactionmicroscopically
causes a slug to sweep up particles in a settled layer. Model studies re-
veal that the magnitudes of these interaction forces increase with the
increase of gas or solid flow rate [44].
Fig. 6. Snapshots showing the spatial distributions of flow properties when the number of parti
14.498 s and 14.760 s; (d), porosity; (e), axial particle velocity; (f) radial particle velocity;
corresponding to (b).
The main problem associated with the pressure drop prediction for
slug flow is due to the lack of reliable and general constitutive relations
for describing solid stresses, especially the stress transmission ratio
from axial to radial directions [115,116]. CFD-DEM simulations are
promising to overcome this problem, as detailed follows. By use of an
averaging procedure, a discrete particle system can be transformed
into a corresponding continuum system, leading to the establishment
of balance equations of mass, linear momentum and angular momen-
tum for continuum-based modelling. Such a procedure can be based
on volume, time-volume or weighted time-volume averaging method,
as reviewed by Zhu et al. [19]. Under the support of a proper averaging
theory, the macroscopic properties of solid flows such as mass density,
velocity, angular velocity, stress tensor, and couple stress tensor can
be investigated based on the microscopic information generated by
DEM simulations [117,118]. Based on such studies, constitutive
cles = 11,000 and gas velocity = 2.09m/s [44]: (a)-(c), particle configurations at 14.236 s,
(g), gas velocity profile; (h), gas streamlines; and (i), axial pressure drop; (d)-(i) are



Fig. 7. Snapshots showing spatial distributions of: (a), axial particle-fluid force; (b), radial particle-fluid force; and (c), network of normal contact forces [44].
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relations can be developed, as demonstrated by Zhou et al. [119] in their
study of ironmaking blast furnaces. Using an averaging approach,
Stratton and Wensrich [45] have revealed the stress state of a slug, as
shown in Fig. 8. The result indicates the regions of passive stress at the
top-front and rear of the slug and the active stress at the bottom-front
of the slug. It is found that the stress transmission ratio has strong var-
iations in all available directions, which is in contrast to the constant
ratio assumption of Konrad [115], although Konrad's correlation and
its variants have been widely used to predict the pressure drop of a
slug flow.

Because of the challenge of establishing reliable continuum theories/
models for granular flow [19,20,120,121], at present the stress
Fig. 8. Two-dimensional axial normal material stress field, lateral normal material stress field,
calculated as averages over time interval 10.00 to 14.99 s sampled at 100 Hz [45].
transmission ratio needed for predicting thepressure drop of pneumatic
conveying cannot be described theoretically. To overcome this problem,
a more general averaging theory has to be established, especially in the
proper consideration of thewall effect, which plays an important role in
the process of pneumatic conveying. On the other hand, various exper-
imental devices have beendeveloped in thepast tomeasure the interac-
tion forces between slug andwall [122–126]. These devices can be used
to validate and improve CFD-DEM approach and averaging theory or
vice versus. This would be useful for tackling not only the specific chal-
lenge in predicting the pressure drop of slug-flowpneumatic conveying,
but also those encountered in the development of constitutive relations
for granular flow.
stress transmission ratio field, and maximummaterial shear stress field. Stress values are



Fig. 9. Snapshots showing representative particle flow patterns at different gas velocities in vertical pneumatic conveying [50]: (a) Ug =10.0m/s, (b), Ug =13.0m/s, (c), Ug=18.5 m/s,
(d) Ug =30.5m/s, and (e), Ug =30.5m/s, corresponding to different times.
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3.2. Flow transition

Depending on material properties, pipe geometries, and operational
conditions, different flow regimes and their transition take place along
conveying pipelines. The determination of flow transition mode and
further a suitable flow regime represents two major tasks in the design
of a pneumatic conveying system [5]. The former is often based on ma-
terials properties, in particular, those properties which involve particle-
gas interaction (e.g., permeability, air retention and de-aeration) [127].
The latter is achieved by determining the boundaries between which a
Fig. 10. Snapshots showing representative particle flow patterns at
flow regime occurs [4,128]. However, how to develop a general and
cost-effective way of completing these two tasks has been a challenge.
The CFD-DEM approach is promising in solving this problem.
3.2.1. Prediction of flow transition
The CFD-DEM approach has been proved capable of predicting typi-

cal flow regimes and their transition when some materials are
transported via a specific pipeline system at varying gas velocities and
a fixed solid flow rate. Fig. 9 demonstrates this aspect using the
different gas velocities in horizontal pneumatic conveying [54].



Fig. 11. (a) Flow-transition-modes shown in pressure drop-gas velocity diagram, and (b) their relation with friction and restitution coefficients [59].
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predictions of vertical pneumatic conveying. As seen from this figure,
the slug flow regime is expectedly obtained numerically at the lowest
gas velocity. With increasing gas velocity, the slug length decreases
until slugs cannot be observed at relatively high velocities at which
the dispersed flow regime is developed.

In horizontal pneumatic conveying, flow regimes exhibit more com-
plicated behaviors compared to those in vertical one because the gravity
is perpendicular to the conveying direction here. The typical flow re-
gimes including slug flow regime, transition flow regime between slug
and stratified flow regimes, and stratified flow regime and dispersed
flow regime, can successfully be reproduced by the CFD-DEM model,
as shown in Fig. 10. These flow regimes have also been obtained in the
modelling of 45° inclined pneumatic conveying [55], which show simi-
lar features as shown in Fig. 10.

Pressure drop-gas velocity diagram is a common way used to de-
scribe flow transition, as shown in Fig. 11a. This diagram shows howdif-
ferent flow regimes transit from one to another when superficial gas
velocity is increased at a given solid flow rate for specific materials
and conveying system. Generally, three transition modes can be identi-
fied from a pressure drop-gas velocity diagram: Mode I for dilute-phase
only, Mode II for unsmooth transition from dilute-phase, to unstable-
Fig. 12. (a) Ellipticity-pressure drop [53], and (b) so
zone, finally to slug-flow, and Mode III for smooth transition from di-
lute-phase to slug-flow [127]. As shown in Fig. 11, these three flow tran-
sitionmodes are obtained by CFD-DEM simulationswhere variables are
particle friction and restitution coefficients. A flow transition map has
been established to predict different transition modes resulting from
the change of friction or restitution coefficient, as given by Fig. 11b. It
is shown that Mode III is suitable for particles of large friction and resti-
tution coefficients; Mode I for particles of relatively low friction coeffi-
cient; and Mode II for particles with properties not covered by Modes
I and III.

Based on CFD-DEM simulations, some other properties, other than
gas velocity and pressure drop, have also been proposed to describe
the flow transition in horizontal conveying. Fig. 12a is an ellipticity-
pressure gradient phase diagram used to consider the effect of particle
shape on the flow transition in a horizontal square pipe. It can be seen
that cuboidal particles show very similar behavior to high aspect ratio
ellipsoidal particles. As the pressure gradient increases, cuboidal parti-
cles transit from fixed bed flow (A) through sheared bed flow (i.e. strat-
ified flow) (B) directly to dilute flow (C) with no slug formation.
Although useful to understand the effect of particle shape, this elliptic-
ity-pressure gradient phase diagram, unlike the conventional gas
lid flow rate - gas velocity phase diagrams [36].
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velocity-pressure drop diagram, can hardly be used to determine
suitable solid and gas flow rates for applications. This problem does
not occur to Fig. 12b, which uses solid and gas flow rates to describe
the flow transition, but misses the pressure drop which is one of the
main industrial concerns in designing and controlling pneumatic
conveying.
Π2;particle
3.2.2. New phase diagram in terms of forces acting on particles
To better understand the flow transition, the pressure drop, which is

often used togetherwith gas velocity to demarcate the dense-phase and
dilute-phase flows, can be linked to the microscopic forces by introduc-
ing the concept of volumetric force, for example, see Fig. 13. Such anal-
ysis of CFD-DEM results has been applied to horizontal, vertical and
inclined pneumatic conveying [50,54–56,59]. It assesses the flow transi-
tion using the forces that contribute the pressure drop. As seen from Fig.
13, the pressure drop can be well represented by the volumetric parti-
cle-fluid force and fluid-wall friction force. The former balances with
the gravity and particle-wall friction force in the flow direction. The
roles of different forces vary with flow regime and pipe orientation.
Overall, the pressure drop is dominated by the particle-wall friction
force and the gravitational force in the slug flow regime, but by the grav-
itational force, particle-wall friction force and gas-wall friction force in
the stratified and dispersed flow regimes. In the dilute-phase inclined
pneumatic conveying, the increase of pressure drop at relatively low in-
clination angles is attributed to the increase of gravitational force, while
the decrease of pressure drop at relatively high inclination angles is due
to the decrease of friction force.

It should be pointed out that the pressure drop−gas velocity
phase diagram focuses on pressure drop that is related to the gas
phase only. It indirectly reflects how a gas-solid flow behaves in pipe-
lines. Consequently, such a diagram may not correspond well to a vi-
sualized particle flow pattern and has limitations in its application. To
overcome this problem, attempts have been made to establish a new
phase diagram in terms of the forces governing the particle flow
based on CFD-DEM simulations results. For such a purpose, the forces
on a particle or a particle assembly are classified into three categories.
These are the particle-fluid force which is the sum of the fluid drag
and pressure gradient 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 classification
allows producing two dimensionless numbers, П 1 and П 2 [50,54],
given by:
Fig. 13.Average volumetric fluid drag force, pressure gradient force and gas-wall friction force, g
pneumatic conveying [55].
a) at the pipe scale:
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b) at the particle scale:
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A new phase diagram can hence be established in terms of the two
dimensionless number, as given in Fig. 14. It is shown that in the new
diagram, there are two regions: the particle-particle or particle-wall in-
teraction is almost constant at the smallest value in the left region, but
increases with the increase of П2 in the right region, and the boundary
of the two regions is located at the minimum of П1. The curves for hor-
izontal and vertical pneumatic conveying are different in position due to
the different effects of gravity force on flow regimes, which are not
taken into account by the dimensionless numbers used [50,54]. Further
efforts are needed to consider the effect of pipe inclination angle, so that
a more general phase diagram in terms of forces can be established.

Compared to the pressure drop−gas velocity phase diagrams, the
new phase diagramnot only has a profile independent of the conditions
ravitational force and particle-wall friction force as a function of gas velocity in 45° inclined



Fig. 14. Pressure drop-gas velocity phase diagram (left) and new phase diagram in terms of the forces on particles at a particle scale (right) for horizontal pneumatic conveying [54].
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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 П1 almost keeps constant and small,
corresponding to the dispersed flow regime and the stratified flow re-
gime, and the dense-phase flow is a flow where П2 increases with the
increase of П1, 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. However, 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. It
is case-dependent. This problem can be overcome in the new phase di-
agram as noted above. This is because the newdiagram is based directly
on the forces governing the behaviors of particles, and hence is funda-
mentally more reliable. On the other hand, visual observations give
more flow regimes. Some of these flow regimes (stratified flow and
transition flow) cannot be recognized in the new phase diagram.
While the need for their full reorganization is questionable, it is cer-
tainly useful to better understand the transition flow regime that can
be identified in the pressure drop-gas velocity diagram. This is an inter-
esting topic needed to be investigated further.

3.2.3. Energy dissipation
Energy efficiency is of great importance to pneumatic conveying.

Taking advantage of the CFD-DEM approach, the information about en-
ergy can be obtained macroscopically and microscopically. In this flow
system, the energy loss of gas flow is mainly used to replenish the en-
ergy dissipations as a result of the interactions between particles,
Table 3
Energy dissipations of solid and gas phases in the considered pipe section [55].

Energy

Gravitational potential energy (eg)

Change of transitional kinetic energy (ek,v)

Change of rotational kinetic energy (ek,ω)

Particle-fluid energy dissipation (ep-f)

Elastic potential energy between particles or between particles and wall (ec,p-p/ec,p-w)

Impact energy dissipation between particles or between particles and wall (ed,p-p/ed,p-w)

Friction energy dissipation between particles or between particles and wall (es,p-p/es,p-w)

Rolling energy dissipation between particles or between particles and wall (er,p-p/er,p-w)

Viscous energy dissipation between fluids or between fluid and wall (ef-f/ef-w)

Collision energy (ecollision)

where n and Ncel are, respectively, the number of particles and the number of CFD cells in the c
and wall.
particles and wall, particles and fluid, fluids, and fluid and wall, as well
as the energy for accelerating gas and solid phases and lifting particles
in the gravitational direction. Basic equations have been established to
determine energy dissipations as a result of different interactions
among particles, fluid, and wall based on CFD-DEM simulation outputs
[55], as given in Table 3. The validity of these equations has been further
confirmed by applying them to the fluidization process [129].

Fig. 15 shows how energy is dissipated through the interactions
among particle, wall and fluid. It is found that for steady-state pneu-
matic conveying, the energy dissipation macroscopically calculated
from pressure drop and gas flow rate mainly consists of the particle-
fluid energy dissipation, gravitational potential energy, collision energy
dissipation, and fluid-wall energy dissipation at amicroscopic level. The
most significant energy dissipation is the collision energy dissipation in
the slug flow regime, the particle-fluid energy dissipation in the strati-
fied flow regime, and the fluid-wall viscous energy dissipation in the
dispersed flow regime. The collision energy dissipation is mainly con-
tributed by the particle-wall friction energy dissipation in all the flow
regimes considered. However, it is to some degree by the particle-parti-
cle friction energy dissipation, impact energy dissipation and rolling
friction dissipation in the slug flow regime. The gravitational potential
energy in the 45° inclined pneumatic conveying is nearly uniform
with the varying gas velocity.

3.3. Pipe wear

Wear represents one of themajor concerns in bulk solids handling. It
increases equipmentmaintenance costs and environmental burden and
causes loss of productivity and a requirement to replace damaged
Correlations
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Fig. 15. Energy dissipations as a function of gas velocity in 45° inclined pneumatic conveying:major energy dissipations (left), and energy dissipations due to particle-particle and particle-
wall collisions (right) [55].
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components. For example, in the oil and gas industry, the erosion of
down-hole equipment and surface facilities costs billions of dollars for
annual maintenance [130]. In essence, the pipeline wear is caused by
the surface abrasion (erosion) resulting from the dynamic action of
moving particles on the pipewall. The abrasion includes (i) deformation
(impact) wear caused by the normal impact of solid particles, and (ii)
cutting (sliding) wear caused by the oblique impact of solid particles.
The quantification of particle-wall interaction will provide useful infor-
mation to estimate the surface abrasion. With this realization, the so-
called time-averaged collision intensity (TACI) has been used to reflect
pipeline wear qualitatively in CFD-DEM studies of pneumatic bend
[48,58]:

TACI ¼ 1
Δtsp

X
Δtsp

Pkw
i¼1 fcn;ij þ fdn;ij þ fct;ij þ fdt;ij
�� ��

Asp

 !
ð11Þ

where Asp is the surface area of a samplewall,Δtsp is the simulation time
or sampling time period.

Fig. 16 shows the distribution of TACI between particles and wall.
The result reveals that themost intensive particle-wall interaction posi-
tion depends on not only the particle velocity but also on the particle
concentration. The concept of TACI can be used to locate the pipe wall
position that experiences the highest particle-wall interaction and can
befirst worn out, as reflected from the comparison between the numer-
ical result and experimental observation. This concept has been con-
firmed by comparing the TACI distribution with the wear rate
obtained in the CFD-DEM study of dense medium cyclone [131].

To be quantitative in predicting pipelinewear, a numericalmodel for
gas-solid flow is often combinedwith awear equation. Among themost
popular wear equations is the one proposed by Finnie [132,133]:
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mv2impact
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where Qerosion is the volume of material removed by the impact of a sin-
gle particle; p is the plastic flowpressure of erosion surface,m is the par-
ticle mass, vimpact is the particle impact velocity, κ is the ratio of vertical
to horizontal force components on the particle, and α is the particle im-
pact angle. v and α in Eq. (9) are provided by numerical simulations.

In the past, extensive numerical studies have been conducted to
study pipe wear in pneumatic conveying, where other wear equations
are also used in addition to Finnie's equation. Themajority of such stud-
ies have been based on the CFD-LPT-Wear model, focusing on bends
which are most likely to suffer erosion, as reviewed by Parsi et al.
[134]. Because of the nature of LPT model, the CFD-LPT-Wear model
cannot explicitly consider the effect of particle-particle collision on
pipe erosion. To overcome this problem, a few efforts have been made
recently to apply a CFD-DEM-wear model to study pneumatic pipe
wear [64,70,75,76]. In particular, in the work of Xu et al. [64], CFD-
DEM the model is combined with the recent wear equation developed
specifically for the DEM modelling [135]:

Qerosion ¼ Eshear
4:0p

ð13Þ

where Eshear= − ∫t0
t1fct, ij ∙ vt, ij dt, when fct, ij ∙ vt, ij b 0 and fct, ij ∙ vi b 0.

Using this model, Xu et al. [64] found that the particle concentration
plays a dominant role on the erosion of the elbow, as shown in Fig. 17.
With an increase in the particle flow rate, the wear rate on the inner
wall of the extrados apparently increases in the range of 70–90°. It is
of interest to note that such a model can also be applied to other partic-
ulate systems such as mill and fluidized bed [136–138].

Clearly, wear equation plays a critical role for numerical models to
predict wear rate. There are about 182 wear equations according to
the review ofMeng and Ludema in 1995 [139], who however suggested
none of them can be taken for general and practical use. Finite element
method or the like may be used to establish a more general wear equa-
tion with the support of theoretical and experimental analysis, as done
elsewhere for developing theoretically soundparticle-particle/wall con-
tact models [99,100]. Also, to facilitate industrial applications, a predic-
tion wear model should be formulated based on systematic numerical
studies. This framework has been proved feasible in the study of cyclone
separators [140,141].

3.4. Particle attrition and electrification

3.4.1. Electrostatics
Electrostatics has had a dramatic and sometimes catastrophic effect

on industry over the years, especially in the flour and grain handling in-
dustries [1]. Of all the solids processing operations, pneumatic convey-
ing is the one that produces the largest amount of electrostatics in the
system. The interactions of the particles with themselves and the
system's pipeline are many, and each has the ability to transfer an elec-
trostatic charge, depending on thematerial type, shape, humidity of the
operation and the character of the pipeline. Because of electrostatics,



Fig. 16. Spatial distribution of particle-wall TACI [48]: (a) front view; (b) on the central plane; (c) at the outerwall of the bend; (d) an experimental bend of solid clear acrylic, worn by the
passage of alumina particles.
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particle patterns show some unique features and further affect pneu-
matic conveying performance. As such, understanding electrostatics
has attracted increasing experimental research interests [1,142]. Mean-
while, a few CFD-DEM studies have also been conducted to describe
electrostatics and/or their effects on solids transportation [37–
39,42,43,67,77]. In the CFD-DEM modelling, the electrostatic force act-
ing on particle i is given as following expression [37,42]:

fe;i ¼ fep;i þ few;i ð14Þ

where fep,i is the electrostatic forces due to other charged particles act-
ing on particle i and few,i is the electrostatic forces due to the pipe
walls acting on particle i. The electrostatic force arising from charges
carried by other particles may be calculated by assuming each particle
to be a constant point charge.

fep;i ¼
XN
j ¼ 1
j≠i

Q2
e

4πε0r2ij
n̂ ð15Þ
whereQe is the constant charge assumed to be carried by all particles, ε0
is the permittivity of free space, rij is the distance between particles i and
j, and n̂ is the unit normal vector in the direction of the line joining the
two particle centers.

The average electric field strength near a wall of the pneumatic con-
veying pipe is estimated by assuming the pipe to be a flat plat infinitely
long in the axial direction in the works of Lim et al. [37,42].The electric
field strength is given as:

Ee ¼
Z

1
4πε0
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dqe
r2

¼ λ
2πε0d

Z π
2

0
cosθdθ ¼ λ

2πε0d
ð16Þ

where Ee is the electric field strength, qe is the equilibrium charge on the
pipe wall, ε0 is the permittivity of free space, r is the average distance of
particles to the pipe wall, and λ is the linear charge density along the
pipe wall. The electrostatic force on a charged particle i located near
the pipe wall may then be calculated as:

f ew;i ¼ Ee∙Qe ð17Þ



Fig. 17. Effect of solid flow rate on bend wear rate [64].
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In a similar framework, Korevaar et al. [43] have modelled the case
where the wall is grounded and conducting by the method of images.
In such a method, an image charge is placed at the same distance but
at the opposite side of a conducting planar wall and with a charge of
same magnitude but opposite sign. Different from the use of constant
Q in Eq. (15) or (17), Grosshans et al. [67] have further developed the
electrostatic force model to consider the charge exchange ΔQ when a
particle collides with another particle or pipe wall.

Fig. 18 shows the representative results obtained in the CFD-DEM
study of electrostatics by Lim et al. [37]. In the simulations, the ratio of
the electrostatic force arising from the charged pipe wall to the gravita-
tional force exertedoneachparticle (Λ) is varied to consider thescenario
that the upperwalls experience a larger amount of collisions fromparti-
cles and thus are charged to a larger extent as the pipe inclination angle
increases. It can be seen that as Λ increases, the particle flow patterns
change significantly. In fact, this CFD-DEMmodel can successfully pre-
dict the experimentally observed formation of a ring structure along
thepipewalls [37,42]. Nevertheless, further efforts are still needed tode-
velopmodels considering the effect of particle shape and study flow re-
gimes related to electrostatics, especially those unique ones reported in
literature [1]. Additionally, it should be pointed out that bulk solids han-
dling in termsof pneumatic transportmayhavemoisture, likelyhavinga
big impact on conveying performance [143]. In the framework of CFD-
DEM approach, the modelling of the moisture is in principle similar to
themodelling of electrostatics. However, this modelling effort is lacking
for pneumatic conveying, though it can be found for other particulate
systems [144,145]. Research in this area is therefore called.
3.4.2. Particle attrition
Attrition and breakage of solid particles are unavoidable phenomena

in pneumatic conveying, especially in a dilute-phase mode. It affects
both the conveying characteristics and the quality of particulate mate-
rials. Many different particle attrition test apparatus exist, there remain
a significant number of gaps in the research to be explored, especially
with respect to linking the method of characterization to the process
under consideration [146]. A successful particle attrition modelling ap-
proach will need to capture both the material and process functions of
the phenomenon in order to achieve meaningful results. An early effort
in this respect is the work of Frye and Peukert [73], who used CFD-LPT
model to determine impact conditions, and on this base, employed ex-
periments to obtain material function to evaluate particle attrition. At
present, one of the most promising approaches is those combining the
CFD-DEM model and particle attrition model, as demonstrated by dif-
ferent investigators [30,35,52,69,73].

Generally, three different types of breakage models have been inte-
grated into the CFD-DEM approach to study pneumatic conveying re-
lated to particle attrition. One is based on an empirical model. For
example, in the work of Han et al. [30], Ghadiri's attrition model has
been used, which accounts for two different mechanisms of attrition,
namely chipping and fragmentation, with the former occurring at im-
pact velocities between 4 m/s and 13 m/s and the latter at N13 m/s.
The respective equations for calculating particle sizes produced by the
two mechanisms are as follows:

For chipping:

ds ¼ α f

ρpHv
2
impactd

4
s0

K2
c

 !1=3

4 m=s b vimpact b 13 m=s ð18Þ

For fragmentation:

3−ζ 0� �
ln

ds
ds0

� �
¼ lnλ0

þ ζ 0 ln
ρpHv

2
impactds0

K2
c

 !
vimpact N 13 m=s ð19Þ

whereαf is a proportionality factor, ds is the diameter of the smaller part
of a particle after impact, ds0 is the diameter of the mother particle be-
fore impact, H is the material hardness, vimpact is the particle impact ve-
locity, λ' and ζ’′ are the parameters that are determined experimentally,
and Kc is the critical stress intensity factor.

The second approach uses the bonded particle model in the DEM
modelling, which has been originally developed by Potyondy and
Cundall [147]. The concept of thismodelling is based on bonding or glu-
ing a packed distribution of spheres together forming a breakable body
via the introduction of an elastic beam between two particles, as illus-
trated in Fig. 19. The particles bonded together can either be of mono
size or have a size distribution. The breakage is determined by comput-
ing the normal and shear stresses and checking if the resulting values
exceed the pre-set critical ones. Such amodel is applicable to the break-
age of brittle rocks, such as coal, granite, sandstone, and concrete. It has
been applied to study the particle breakage in pneumatic conveying of
coarse coal by Zhou et al. [69,73]. Fig. 19 shows the typical numerical re-
sults, which demonstrate how a cluster is brokenwhen it passes a bend.

The third approach integrates a comminution model with the CFD-
DEM approach. Fig. 20a illustrates the framework of the CFD-DEM-



Fig. 18. Pneumatic conveying through a pipe inclined at 45° to the horizontalwith an inlet gas velocity of 3 m·s−1, α=0.16 (1000 particles) and: (a) Λ=0.0, (b) Λ=0.5, (c) Λ=1.0 and
(d) Λ=2.0 [37]. The range for the scale is−3m·s−1 (black) to 3 m·s−1 (white). The insets to (c) and (d) show the enlarged image of the respective sections enclosed in dashed boxes.

Fig. 19. Predicted breakage of particle cluster within a bend by the so called parallel bond model [73].
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Fig. 20. (a) Comminution model framework for DEM–CFD simulations [148], and (b) thus predicted averaged particles breakage velocities as function of the conveying air velocities and
number of cycles [52].
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comminution model proposed by Kalman et al. [148]. According to this
approach, each particle in the simulation has its own strength given by
the strength distribution function. As the simulation progresses, the
particles undergo impact events. For each impact event/collision, the se-
lection function is called to decide whether the particle breaks or not. If
the particle breaks, the breakage function is called in order to generate
the new fragments at strength according to the strength distribution.
If the particle is strong enough to survive, the impact the particle will
endure fatigue, whichwill dictate its strength after the impact. It should
be pointed out that this attrition model describes the compression
strength of particles, where the selection function is derived from im-
pact experiments. Therefore, the implementation of this model requires
the equivalence function between impact and compression strength
[149]. Brosh et al. [52] have extended such a model to study particle at-
trition in dilute-phase pneumatic conveying. The parametric study on
the effect of the impact velocity and the number of conveying cycles
on the particle size distribution has been conducted. It is found that a
higher conveying air velocity leads to higher impact velocities and
therefore to larger breakage ratios, as shown Fig. 20b. Moreover, the av-
erage particle breakage velocity increaseswith the number of cycles due
Fig. 21. Application of periodic boundary cond
to the reduction in the particle size. Using this CFD-DEM based
particle attrition model, a TFM-based one can be developed to facilitate
industrial applications [150,151]. Also, it should be pointed out that
at present how to explicitly model the effect of a non-spherical
particles in an attrition model is not clear. Future efforts are needed
for this topic.

4. Large-scale simulation

CFD-DEM studies of pneumatic conveying can be conducted in the
two ways. One considers a long pipeline consisting of start-up and
established flow sections (see Fig. 21). It requires high computational
efforts, and at this stage of development, cannot be applied to industrial
pneumatic conveying where the pipeline length is quite long, involving
either coarse orfineparticles. Another uses periodic boundary condition
(PBC) in a simulation to consider a short pipe that represents the
established-flow section and can be scaled up straightforwardly accord-
ing to the length. The latter is computationally much more efficient.
However, to use a CFD-DEM model with PBC to solve practical pneu-
matic conveying, it is necessary to establish methods to exclude the
ition (PBC) to CFD-DEM simulation [56].



Table 4
Correlations developed for the use of periodic boundary condition [56].

Relation on between particle number and solid flow rate Np; section ¼ wpρ f

kw f ρpþwpρ f
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dp
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Fig. 22. Comparison of flowpatterns from the simulations of non-PBC pipe (left) and PBC pipe (right) at: (a)Ug =3m/s, (b)Ug=15m/s, and (c)Ug =23m/s [56]. The length of non-PBC
pipe is 14m for stratified and dispersed flow regimes and 6m for slug flow regime, which are respectively shorten to 1 m and 1.2 m for the PBC pipe.
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Fig. 23. Comparison of average (a) pressure drop and (b) particle velocity obtained from
the simulation of non-PBC and PBC [56]. For the non-PBC pipes, the results are
measured within the pipe section between x = 12 and 13 m for the stratified and
dispersed flow regimes, and x=4.6 and 5.8 m for the slug flow regime.
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start-up section from the pipeline simulated, determine length of PBC
pipe, and control the solid flow rate simulated as constant as done in a
common operation in practice. To tackle these issues, semi-theoretical
correlations, as listed in Table 4, have been formulated based on CFD-
DEM simulation data [56]. Moreover, to be accurate in this PBC applica-
tion, a numerical iterativemethod has also been proposed to control the
solid flow rate simulated to achieve a given value.

Fig. 22 compares the predicted typical particle flow patterns from
PBC and non-PBC pipes. In this figure, the results from the non-PBC
pipe were taken from the established flow section. It can be seen from
Fig. 22 that the particle flow patterns predicted using two different
boundary conditions satisfactorilymatch each other for the three typical
flow regimes: the slug, stratified and dispersed flow regimes. This good
agreement can also be observed in the axial variation of the average
pressure drop, as shown in Fig. 23. This result suggests that the PBC
treatment is reliable to reproduce the flows inside a long pipe by a
much shorter pipe. This CFD-DEM model with PBC has been applied to
different studies to pneumatic conveying [55,56,59]. In principle, the
CFD-DEM with PBC can be used to simulate a realistic pneumatic con-
veying system by diving pipelines into start-up sections and developed
sections and conducting the simulations sequentially. Furthers studies
are needed to test this concept.

Another potential method to speed up CFD-DEM simulations for
large-scale industrial applications is to use a “scaled”method in simula-
tions. The so called coarse-grain models are this kind of method, where
a particle assembly is represented by a number of original particles and
a scaling law is derived according to the force balance between a coarse-
grain or parcel particle and corresponding original particles [29,152]. By
use of such a model, slug flow pattern has been reasonably reproduced
[29]. It should be pointed out that a coarse-grain model needs to esti-
mate the physical properties of a coarse-grain particle and there is no
theoretical base to do so. Furthermore, the number of original particles
considered by a parcel particle has to be determined according to spe-
cific applications to balance prediction accuracy and computational effi-
ciency [153]. Because of these problems, it is not clear if a coarse-grain
model is capable of predicting different flow regimes and their transi-
tion aswell as pipewear. Moreover, such amodel is not suitable for par-
ticle attrition and electrification, where particle-particle interactions
play essential roles and have to be described precisely to generate real-
istic results. As such, it would be preferred to develop various scale-up
and scale-down theories to speed up the simulations of practical pneu-
matic conveying.

Additionally, with the rapid improvement of computer hardware
performance, GPU (Graphic Process Unit) has emerged to not only ren-
der 3D scene but also support more and more complicated computa-
tions. In the DEM simulation of granular flow, the overall speed-up
ratio of GPU parallel codes to its serial CPU counterparts is reported to
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be from several times to tens of times. More importantly, by the use of
multiple GPUs, simulating systems with millions of particles is becom-
ing realistic for engineering applications [154,155]. However, this tech-
nology has not been applied to the studies of pneumatic conveying and
deserves specific efforts in the future.

5. Concluding remarks

In the process of pneumatic conveying, various flow regimes and
their transition may take place depending on conveying conditions,
which affect, to a large extent, system performance with regards to en-
ergy consumption, production degradation, equipment erosion, and op-
eration reliability. This raises the needs of developing a better
understanding of these complicated flow behaviors and process perfor-
mance toward the achievement of more reliable, general, and cost-ef-
fective applications. Numerical simulation and modelling play an
increasingly important role in this area. With the rapid development
of computer technology, the CFD-DEM approach is thus far the most
promising in generally tackling various complicated phenomena. In re-
cent years, this approach has been rapidly developed and applied to
study pneumatic conveying, covering from flow behaviors to process
performance, which are summarised as follows:

(1) Various CFD-DEM models have been developed and applied to
study pneumatic conveying in the aspects of flow, pipe wear,
particle attrition, and electrostatics. This approach has been
proved valid to reproduce complicated flow regimes and their
transition over a wide range of conditions. On the contrary, its
applications to pipe wear, particle attrition, and electrostatics
are less established. The effectiveness of such CFD-DEM models
is, to a large extent, dependent on the theoretical and semi-the-
oretical correlations used to describe the process phenomena
considered. This necessitates the fundamental research to ex-
plore the underlyingmechanisms and developmore general cor-
relations. In this direction, sub-particle simulations based on FEM
or the like, in addition to particle-scale CFD-DEM simulations,
will play a useful role. These studies of this kind will represent
an important research area in the future. Also, future efforts are
needed to model particle-turbulence interaction. Besides, the ef-
fect of particle shape has been increasingly considered in the
CFD-DEM studies of pneumatic conveying but focused on flow
and pipe wear. Considering that at least 70% of raw materials
consist of non-spherical particles in modern industries, further
efforts are needed for CFD-DEM model development and appli-
cation related to pneumatic conveying of irregular particles.

(2) Microdynamic analysis, based on the trajectories and velocities
of, and forces acting particles, has played an important role in
depicting the fundamentals governing the complicated gas and
particle behaviors in different flow regimes. The new phase dia-
grams established in terms of particle-particle and particle-fluid
forces show a great potential in describing flow regimes and
flow transition generally and better representing underlying fun-
damentals, although further efforts are needed in order to cover
different conditions in the same diagrams. Furthermore, based
on the particle-scale results generated by CFD-DEM simulations,
macroscopic energy loss can be linked with microscopic energy
dissipations among particle, wall, and fluid. Also, with the sup-
port of the averaging theory, solid stresses can be analysed.
How to generalise this analysis and apply it to solve different
problems associated with the development of predictive models
represents a challenge in the future.

(3) CFD-DEM simulations are computationally very demanding. The
use of periodic boundary conditions makes it possible to apply
these simulations to industrial applications. Because of wide
ranges of transport distances, particle sizes, and particle shapes
encountered in pneumatic conveying, besides the use of periodic
boundary conditions, it is necessary in the future to not only em-
ploy advanced GPU computing technology but also develop gen-
eral scaling theories to reduce the computational effort.
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Nomenclature

A: Pipe cross-section area, m2

Asp: Surface area of a sample wall, m2

asphere,i: Fractional volume of particle i residing in the spherical cell
Cd0: Fluid drag coefficient on a isolated particle
Clm: Coefficient of Magnus lift force
Cls: Coefficient of Saffman lift force
dp: Particle diameter, m
ds: Diameter of the smaller part of a particle after impact, m
ds0: Diameter of the mother particle before impact
Dpipe: Diameter of pipe, m
D: Shear rate
E: Time-averaged energy, J
Eshear: Shear impact energy
Ee: Electric field strength
e: Energy, J
f: Particle scale forces, N
F: Volumetric force, N⋅m−3

g: Gravitational acceleration, m⋅s−2

H:Material hardness
I:Moment of inertia of particle, kg⋅m2

kc: Number of particles in a considered computational cell
ke: Number of particles exerting electrostatics forces on particle i
ki: Number of particles in contact with particle i
kw: Number of walls in contact with particle i
Kc: Critical stress intensity factor
L: Start-up section length, m
Lc: Characteristic length in the slug flow regime, m
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T: Torque, N⋅m
TACI: Time-averaged collision intensity, kg⋅m−1⋅s−2

m: Mass of particle, kg
n̂: Unit normal vector, m
N: Particle number
Ncel: Number of CFD cells in the considered pipe section
Np,section: Particle number in a pipe section
Np,sphere: Number of particles in the spherical cell
Qerosion: Volume of material removed by the impact of a single particle, m3

Qe: Charge
qe: Equilibrium charge on the pipe wall
q: Number of contact points between particles or particle and wall
p: Plastic flow pressure, Pa
P: Pressure, Pa
R: Vector from the mass centre of the particle to the contact point, m
Rep: Reynolds number of particle
Rer: Reynolds number of particle rotation
t: Time, s
Δt: Time step, s
Δtc: Characteristic time in the slug flow regime, s
Δtsp: Sampling time period, s
ΔVshpere: Volume of the spherical cell
v: Translational velocities of particle, m⋅s−1

vs: Slug velocity, m⋅s−1

vp: Average particle velocity, m⋅s−1

vimpact: Particle impact velocity, m⋅s−1

Vp: Volume of a particle, m3

Vpipe: Volume of a pipe section, m3

ΔV: Volume of a computational cell, m3

u: Gas velocity, m⋅s−1

~u: Instantaneous gas velocity, m⋅s−1

ui: Component of the velocity vector u
Ug: Superficial velocity, m⋅s−1

wp: Solid mass flowrate, kg⋅s−1

wf: Gas mass flowrate, kg⋅s−1

Y: Young's Modulus, Pa

Greek

Π: Dimensionless number
Ω: Relative angular velocity of gas to solid phases
α: Particle impact angle
αf: Proportionality factorδt: Vector of the accumulated tangential displacement between particles i and j.
ε0: Permittivity of free space
εf: Local porosity
εs: Local solid volume fraction
η: Gas viscosity, kg⋅m−3⋅s−1

κ: Ratio of vertical to horizontal force components on the particle
λ: Charge density
λ':Model parameter in in Eq. (19)
μ: Friction coefficient
ρf: Gas density, kg⋅m−3

ρp: Particle density, kg⋅m−3τ: Fluid viscous stress tensor, kg⋅m−1⋅s−2

ω: Particle angular velocity, s−1

ω
_
: Unit vector defined by ω

_¼ ω= j ω j
ζ’′: Model parameter in Eq. (16)

Subscripts

c: Contact
Cell: Computational cell
d: Damping
Drag: Fluid drag force
e: Electrostatic force
ep: Electrostatic forces due to other charged particles
ew: Electrostatic forces due to the pipe walls
Erosion: Wall erosion
f: Fluid
i: Particle i
ij: Between particle i and particle/wall j
Impact: Impact of a particle on a wall
j: Particle/wall j
Laminar: Laminar flow
lm: Magnus lift force
ls: Saffman lift force
n: Normal component
p: Particle
Particle: Particle scale
p-f: Particle-fluid
pipe: Pipe section
r: Rolling friction
s: Sliding
sp: Sampling
t: Tangential component
Turbulent: Turbulent flow
vm: Virtual mass force
∇p: Pressure gradient force
∇⋅τ: Viscous force


	CFD-�DEM modelling and simulation of pneumatic conveying: A review
	1. Introduction
	2. Framework for mathematical modelling
	2.1. Governing equations for particle flow
	2.2. Governing equations for gas flow
	2.3. Coupling schemes between particle and fluid flows
	2.3.1. Property mapping from computational cell center to individual particle
	2.3.2. Calculation of porosity and source terms


	3. Modelling and simulation of key pneumatic conveying characteristics
	3.1. Slug-flow pneumatic conveying
	3.2. Flow transition
	3.2.1. Prediction of flow transition
	3.2.2. New phase diagram in terms of forces acting on particles
	3.2.3. Energy dissipation

	3.3. Pipe wear
	3.4. Particle attrition and electrification
	3.4.1. Electrostatics
	3.4.2. Particle attrition


	4. Large-scale simulation
	5. Concluding remarks
	Acknowledgments
	References


